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Nowadays, pesticides are widely used in industrial and agricultural activities. 
Inadequate management practices appear to be a major source of pesticides 
contamination. Thus, residues of these pollutants causing environmental hazards 
need treatment. The goal of my study is to perform an experimental evaluation of 
the removal rates of two selected pesticides, pentachlorophenol and methyl-parathion, 
by the spent compost of mushroom Pleurotus pulmonarius under laboratory 
conditions. 
This spent P. pulmonarius compost contained 26% organic matter, high contents of 
macro-nutrients such as nitrate, phosphate, potassium, calcium, sodium as well as 
trace to nil amounts of heavy metals. Pesticides were removed by the spent 
compost via an integrated approach including both biosorption and biodegradation. 
The spent compost consisted of 25% chitin, which reflects the presence of fungi and 
contributes to adsorption removal of pesticides. Biosorption provides an immediate 
removal of pesticides. In addition, degradation was achieved by the immobilized 
ligninolytic enzymes such as manganese peroxidase and laccase as well as induced 
enzymes of the microbial flora in the spent mushroom compost. 
The removal efficiency and removal capacity of both pesticides in both soil and 
aquatic systems were assessed. Quantification of pesticides was monitored by high 
performance liquid chromatography and/or gas chromatography-mass spectrometry 
(GC/MSD). The spent mushroom compost could remove 89.0 土 0.4 % and 85.5 士 
1.3% of pentachlorophenol within 2 days at room temperature in aquatic and soil 
systems respectively. It could completely degrade this banned pesticide in both 
systems when the incubation temperature was raised to 75°C. The maximum 
ii 
removal capacities were 15.5 ± 1.0 mg g"^  and 39.0 土 7.0 mg g^ spent mushroom 
compost in aquatic and soil systems respectively. On the other hand, the spent 
mushroom compost could completely remove methyl-parathion within 1 day. It 
completely degraded it within 3 days at room temperature in aquatic system but took 
two days in soil system. The maximum removal capacities of methyl-parathion were 
32.6 士 0.0 mg g-i and 17.9 土 2.0 mg g'' spent compost in aquatic and soil systems 
respectively. Microtox ® assay proved that the overall toxicities of pesticides have 
been reduced or completely detoxified in both systems after treatment with the spent 
mushroom compost. The removal was independent of the initial pHs since the spent 
mushroom compost had a great pH buffering capacity. The adsorption of 
pentachlorophenol towards the spent compost can be described by the Freundlich 
isotherm plot. The biomass concentration only affects the capacity constant K of the 
Freundlich model while the intensity constant n remains constant. 
Degradation of pentachlorophenol involves dechlorination, methylation, 
carboxylation and ring cleavage. Organic breakdown metabolites detected by 
GC/MSD were butylated hydrotoluene, butylated toluene, diethyl phthalate, 
4-ethoxy-benzoic acid and its deriviatives as well as aliphatic carboxylic acids/fatty 
acids and alkanes. Free chloride was also detected as the breakdown products by 
ion chromatography. The degradation of methyl-parathion was initiated by the 
oxidation of P=S bond followed by the removal of the side chains, releasing sulphate, 
phosphate and nitrate. Methylation, carboxylation and ring cleavage were also 
involved as with pentachlorophenol, reflecting the non-specific free-radical attack 
and oxidative activities of the immobilized ligninolytic enzymes in the spent 
mushroom compost. Thus, the spent mushroom compost of Pleurotus pulmonarius 


















壤系體中分別爲89.0 士 0.4 % 及 8 5 . 5 土 1 . 3 % �當培養溫度上升至7 5 ° C時，已 
禁用的五氯苯酣在水體及在土壤系體中均能被這後廢料完全降解。這種後廢料 
對五氯苯酣在水體及在土壤系體中最大的淸除容量分別爲15.5 ± 1.0 mg g ] 及 
39.0 士 7.0 mg g- '底物後廢料o另一方面，鳳尾廷底物後廢料能在一曰內完全除 
去甲基巴拉松。它還能在三天內在室溫的條件下把這殺蟲劑在水體及在土壤系 
體中完全降解。這後廢料對甲基巴拉松在水體及在土壤系體中最大的淸除容量 
分別爲3 2 . 6 ± 0.0 mg g - i及 1 7 . 9 ± 2.0 mg g ' 底物後廢料。生物毒理測試 
iv 
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1.1.1. Types and uses 
Pesticides are commonly used in developing and developed countries to control pests. 
A pest is any species that competes with us for food, invades lawns and gardens, and 
destroys wood, spreads disease, or is simply a nuisance (Miller, 1997). In an 
ecosystem, enemies in the format of predators, parasites or pathogens control the 
populations of pest species. When we interfere natural ecosystems, we upset these 
natural checks and balances. For instance, we devise ways to protect our 
monoculture crops, tree farms, and lawns from insects and other pests which once 
controlled at no charge. Thus, a variety of pesticides (or biocides) has been 
developed. These chemicals are used to kill organisms which we consider to be 
undesirable. Common types of pesticides include insecticides (insect-killers), 
herbicides (weed-killers), fungicides (fungus-killers), nematocides 
(roundworm-killers) and rodenticides (rat-and mouse-killers) (Miller, 1997). 
1.1.2. Development of Pesticides 
As human population grows and agriculture, husbandry and fishery spread, people 
begin looking for ways to protect their crops, mostly by using chemicals to kill or 
repel pests. Sulphur was used as an insecticide well before 500 B.C.; by the 1400s, 
toxic compounds of arsenic, lead, and mercury were being applied to crops as 
insecticides (Miller, 1997). This approach was abandoned in late 1920s when there 
1 
were increasing incidences of human poisonings by these pesticides. These 
first-generation pesticides were mainly natural substances. A major pest control 
revolution began in 1939 when entomologist Paul Mueller discovered that DDT 
(dichlorodiphenyltrichloroethane) could be used as a potent insecticide. DDT, the 
first of the so-called second generation pesticides, became the world's most-used 
pesticide and Mueller received the Nobel Prize in 1948. Since 1945，chemists have 
developed hundreds of synthetic organic chemicals for use as pesticides (Miller, 
1997). 
In general, the organochlorines are hydrophobic compounds with extemely low water 
solubility and strong sorption tendencies. Most of these are resistant to degradation 
in both soil and water, and most have very long environmental lifetimes (up to 15 
years) (Miller, 1997). Although most of the organochlorines were banned, they still 
remain as the focus of considerable attention because of their continued presence in 
bed sediments of surface waters, in soil contaminated from past applications, and in 
the atmosphere (Homsby et al., 1995; Larson et al” 1997). As the use of 
organochlorines declines, the organophosphorus insecticides have increased steadily 
and accounted for 65% of total insecticides used recently since their half-lives in the 
environment are shorter. Their half-lives vary from several weeks to several years 
(Miller, 1997). The most commonly used organophosphorus in recent years have 
been chlorpyrifos, methyl parathion, fonofos, phorate and terbufos. Most 
organophosphates (except malathion) are highly toxic to humans and other animals 
and account for most of the human pesticide poisonings and deaths (Larson et al.’ 
1997; Miller, 1997). 
2 
1.1.3. The case against pesticides 
The ideal pesticides should 1) kill only the target pest, 2) harm no other species, 3) 
disappear or breakdown into harmless form after doing its job, 4) not cause genetic 
resistance in target organisms (Miller, 1997). However, no known pesticide meets 
all these criteria. Most pesticides are broad-spectrum agents which are toxic to 
many species. Besides, many of them remain deadly in the environment for long 
time. According to the U.S. Department of Agriculture in 1996，no more than 2% 
(and often less than 0.1%) of the insecticides applied to crops by aerial spraying or 
by ground spraying actually reaches the target pests; less than 5% of herbicides 
applied to crops reaches the target weeds (Miller, 1997). Pesticides that miss their 
target pests end up in the air, surface water, groundwater, bottom sediments, food, 
and non-target organisms, including humans and wildlife. Each year, 20% of U.S. 
honeybee colonies are wipen out by pesticides. Pesticide runoff from cropland, a 
leading cause of fish kills worldwide, kills 6-14 million fishes each year in the 
United States (Miller, 1997). According to the U.S. Fish and Wildlife Services, 
pesticides menace about 20% of the endangered and threatened species in the United 
States (Miller, 1997). Farm workers in less developing countries are especially 
vulnerable to pesticide poisoning because three-quarters of all pesticides are applied 
by hand, educational levels are low, warning is few, pesticide regulations are not 
strict or nonexistent. Also, cancer risk from some pesticides had occurred by age 5 
(Miller, 1997; http://www.epa.gov). 
Among different types of pesticides, two pesticides belonging to chlorinated phenols 




Chlorinated phenols are a common active ingredient in biocides. Both the halogen 
group and the aromatic nature made this group of compounds toxic to most 
organisms. Pentachlorophenol (PCP), belonging to chlorinated phenols, has been 
widely used but now banned in most countries (Litchfield & Rao, 1998). PCP was 
introduced in the U.S.A. in 1930s. The production of PCP, which was mainly used 
as a wood preservative in United States during the 1980s, was estimated to be 23 
million/kg/y (Hattemer-Frey & Travis, 1989). Initially it was only used as a wood 
preservative, but new applications were quickly discovered. Due to its general 
toxicity and solubility in organic and inorganic solvents, PCP acquired new uses as a 
ftingicide’ bactericide, herbicide, algicide and insecticide (Haggblom & Valo，1995). 
Since the 1960s large amounts of PCP (approx. 5.5 million/kg/y) have been sprayed 
over vast areas of central China as a molluscicide to control schistosomiasis 
(Schecter et al.’ 1996). Because of its widespread use, general toxicity and 
persistence in the environment, residues of PCP have been found in streams, 
groundwater and drinking water (Larson et al., 1997). 
1.2.2. Toxicity 
PCP is a toxic compound in EPA toxicity class H. Owing to its toxic nature, it is on 
the list of priority pollutants defined by the US Environmental Protection Agency 
(http://www.epa.gov). It is also classified as group B2 compound, which is a 
probable human carcinogen. 
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Table 1.1 Toxicity categories for pesticides (Skeers & Morrissey, 1995, 
http://www.epa.gov). 
Toxicity Categories (Signal Words) 
I II III IV  
(Danger-Poison) (Warning) (Caution) (Caution) 
Oral LD50 mg/kg < 50 50-500 500-5000 > 5000 
Inhalation LD50 mg/1 < 0.2 0.2-2 2-20 > 20 
Dermal LD50 mg/kg <200 200-2000 2,000-20,000 > 20,000 
Table 1.2 Standards and criteria for protection of human and aquatic organism 
health for pesticides targeted in surface water (Larson et al., 1997; see website: 
http://www.epa.gov). Concentrations are in microgram(s) per liter (|ig/l) (nsg, no 
standards given) 
Human Health Aquatic organism Health 
,,、 HA(c) ,. USPEA 
MCL⑷ MCLG(b) SNARL⑷ NAS 
Child Adult Acute Chronic 
aratWon "sg nsg 30 2 30 nsg nsg 0.02 
PCP 1 0 300 220 21 20 13 nsg 
(a) MCL, Maximum contaminant level for drinking water established by the U. S. 
Environmental Protection Agency (USEPA) 
(b)MCLG，Maximum contaminant level goal for drinking water established by the 
USEPA (equal to zero for known or probable human carcinogens) 
(c) HA, (Child, long term), Health advisory level for drinking water established by 
the USEPA (for a 10kg child over a 7-year exposure period and for a 70kg 
individual over a 70-year exposure period) 
(d) SNARL, Suggested No-Adverse-Response Level for drinking water established 
by the National Academy of Science (NAS) 
Both HA & SNARL values represent estimates of the maximum level of a 
contaminant in drinking water at which no adverse effects would be expected. „ 
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It is a Restricted Use Pesticide (RUP) in its formulations as a wood preservative, but 
a General Use Pesticide (GUP) for other purposes. PCP is moderately toxic via the 
oral route, with reported oral L D 5 0 values for various formulations ranging from 2 7 
to 211 mg/kg in rats (Kamrin, 1997). It is classified as toxicity catogory n 
pesticides with the signal words "warning" according to US EPA (Table 1.1). 
Potential human-exposure routes of routine concern for PCP are inhalation, dermal 
contact and oral ingestion. The reference dose (RiD) of PCP to human is 0.03 
mg/kg/d. For inhalation perspective, EPA permissible exposure limit (PEL) of 0.5 
mg/m^ causes respiratory discomfort in most individuals (Kamrin, 1997). The 
standards and criteria for protection of human and aquatic organisms' health from 
pesticides in surface water are shown in Table 1.2. 
1.2.3. Persistency 
PCP is highly non-specific and is a broad spectrum biocide (Tanjore & Viraraghavan， 
1996). Thus non-target organisms or even beneficial organisms may be killed. The 
action mechanism of PCP is by uncoupling oxidative phosphorylation by making cell 
membranes permeable to protons, resulting in dissipation of transmembrane proton 
gradients and consequential electrical potentials (McAllister et al., 1996). Besides, 
PCP is considered to be relatively resistant to biodegradation due to the high chlorine 
content of the molecule. The recalcitrance of chlorophenols including PCP can be 
attributed to its chemical structure (Apajalahti & Salkinoja-Salonen，1984). Owing 
to the presence of ortho-chlorine atoms relative to the hydroxyl functional group, the 
formation of catechol analogues is prevented. Thus, the principal route of oxidative 
aromatic ring cleavage is blocked and as a result biodegradation inhibited (Apajalahti" 
& Salkinoja-Salonen，1984). Besides, chlorine atoms at the 3 or 5 meta position 
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were sterically hindered from enzymatic dehalogenation (Litchfield & Rao，1998). 
In the environment, PCP can be degraded through the action of micro-organisms. 
However PCP is frequently resistant to microbial attack because of the toxicity of the 
compound, insufficient populations of PCP-degrading microorganisms or prevailing 
environmental chemical (e.g. low available carbon and nitrogen levels) or physical 
conditions (e.g. temperature, pH, salinity) inhibiting the indigenous degradation 
processes (Valo et aL, 1985). Due to its toxicity and persistency in the environment, 
many countries including Sweden, Finland, Germany, North America and Japan have 
banned the use of PCP as a wood preservative (Chiu et al., 1998; Litchfield & Rao， 
1998). 
Table 1.3 summarises the physical and chemical properties of the selected pesticides 
m my research. PCP is a hydrophobic compound with low water solubility, low 
vapour pressure and strong sorption tendencies (Homsby et a!,, 1995). It is 
resistant to degradation in both soil and water systems. A pesticide with a half-life 
in soil of less than 30 days is considered as non-persistent. Pesticides each with a 
half-life over 100 days are deemed persistent (Buyiiksonmez et al” 1999). The half 
life of a pollutant is the amount of time it takes for 50% of it to be degraded. The 
half-life of PCP in soil was up to 178 days (Larson et al., 1997) and thus is persistent 
in the soil environment. The half-life of PCP in water system was also up to 200 
days (Larson et al” 1997). About 48% of PCP will eventually end up in terrestrial 
soil; about 45 % will end up in aquatic sediments and a small portion of 5.3% and 
1.40/� will end up in water and air respectively (Figure 1.1) 
(http://www.mail.odsnet.com/TRJFacts/292.htm). 
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Table 1.3 Physical and ‘ chemical properties of pentachlorophenol and 
methyl-parathion (Mateen et al., 1994; Homsby, 1995; Larson et al., 1997; 
http://www.epa.gov). 
Physical and Chemical properties of selected pesticides 
Water 
Molecula B o i l ’ Melting S o f on Field Vapour 
r weight P品n) pomt ^t RT ⑶ ， 咖 haif-hfe pressure at 。 
( ) ( ) (mg/1) ^ (days) RT (mm/Hg) ^ 织况 
3000-4000 Up to 178 
P C P 266.35 310 190-191 11-14 in i / n sojl i.ixlO"^ 
sediment UP to • 
in water  
Up to 30 
Met^l- 263.23 119 37-38 55-60 3300 ，soi^, 1.5 xlO"^  J ^ a l ^ 




487 口 叫 uatic sediments 
。r 
Figure 1.1 The distribution of pentachlorophenol in the environment (from 




Organophosphate pesticides were introduced to replace the recalcitrant and 
hazardous chlorinated pesticides. Although organophosphates are generally 
considered to be biodegradable, some of them are highly toxic and residues are found 
in certain environments (Mateen et aL, 1994). Approximately 140 organophosphate 
comopunds are currently used as pesticides and plant growth regulators world-wide, 
and over 60,000 tons of these chemicals are produced annually in the United States 
alone (Mateen et al.，1994). Parathion, was first synthesized in 1944 (Mateen et al,, 
1994). Its methyl analog, methyl parathion (0,0-dimethyl-0-4-mtrophenyl 
phosphorothioate), has been widely used for controlling insects of agricultural and 
public health importance (Cho et al., 2000). The usage of this organophosphorus 
chemical has increased in parallel with the decreased use or legal ban of 
organochlorine pesticides. 
1.3.2. Toxicity 
Although the organophosphorus pesticides are not as environmentally persistent as 
the organochlorines, more frequent applications of organophosphorus compounds are 
required to attain the same efficacy, which results in higher risk for applicator and 
population exposures (Cho et aL, 2000). Table 1.2 shows the LD50 of the 
organophosphorus pesticide to rats administered orally ranged from 14-24 mg/kg 
which fall into the toxicity category I with signal word "Danger Poison" (Table 1.1). 
"Danger-Poison" on a label designates the most toxic class for pesticides. 
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Methyl-parathion is the most hazardous organophosphorus pesticides allowed in the 
U.S. food supply. It is a potent neurotoxic agent which kills bugs by disrupting 
vital transmitters (cholinesterase) in the nervous system. It can overstimulate the 
nervous system causing nausea, dizzinesss, confusion, and at high exposure, 
respiratory paralysis and death (http://www.epa.gov). According to the US EPA, the 
acute reference dose (Rfd) for methy-parathion was 0.025 |jg/kg/d. In addition, 
EPA Permissible Exposure Limit (PEL) of it is 0.1 mg/m^ above which 
methyl-parathion causes respiratory discomfort in most individuals 
(http://www.epa.gov). The ecological risk of methyl-parathion is high as 
demonstrated for its toxicity towards honeybees. It was reported to have mutagenic 
potential in bacterial and mammalian cells. It induced a positive genotoxic 
response in Salmonella typhimurium TAIOO at a dose of 1000|ag per plate (Cho et al.’ 
2000). 
Table 1.4 shows the uses of methyl-parathion by USEPA (http://www.epa.gov). For 
the division "Canceled methyl-parathion food uses", its use in apples, peaches, pears, 
and grapes, are voluntarily canceled by methyl-parathion manufacturers; 
methyl-parathion has previously been the major contributor to risk 
(http://www.epa.gov). In addition, in January 1998, the Environmental Working 
Group on EPA banned this insecticide in all foods consumed by children. For the 
group "canceled methyl-parathion non-food/feed uses，，，all non-agricultural uses of 
this insecticide will be canceled (http://www.epa.gov). 
Methyl-parathion is related structurally to military nerve gas agent. The United 
States and the former Soviet Union are seeking proper ways to destroy tons of these 
weapons because large stockpiles of nerve agents are aging and become unstable 
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(Choe/fl/., 2000). 
Table 1.4 The uses of methyl-parathion according to USEPA (http://www.epa.gov) 
Maintained methyl-parathion uses 
Alfafa, almonds, barley, cabbage, canola, com, cotton, dried beans, dried 
peas, grass, hops, lentils, oats, onions, pecans, rice, soybeans，sugar beets, 
sunflower, sweet potatoes, walnuts, wheat and white potatoes 
Canceled methyl-parathion food uses 
Apples, artichokes, broccoli, ccarrots, cauliflower, celery, cherries, collards, 
grapes, kale, lettuce, mustard greens, kale, kohlrabi, peaches, pears, plums, 
rutabagas, spinach, succulent beans, succulent peas, tomatoes, turnips 
Canceled methyl-parathion non-food/feed uses 
Chrysanthemums, daisies, field grown ornamentals, flowering plants, 
grasses grown for seed, guayale, jojoba, marigolds, any mosquito larvicide 
use, nursery stock, non-agricultural land, roadside areas, wasteland 
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Due to its toxicity mentioned in above, detoxication of this class of compounds is a 
critical environmental concern and thus methyl-parathion was chosen in my project. 
1.3.3. Environmental fate 
Methyl-parathion binds tightly to soil and is decayed by biological and chemical 
hydrolysis in 1 to 12 weeks forming p-nitrophenol, diethylthiophosphoric acid, and 
paraoxon (Mateen et al., 1994; Miller, 1997). Although parathion residues resulting 
from spills may decrease markedly with time, especially during the first year, they 
may persist for several years (Kamrin, 1997; Miller, 1997). Parathion released into 
surface waters will be removed in approximately 2 weeks. Its half life in water 
system was around 15 days (Table 1.3). The primary removal mechanism is 
adsorption to sediment and particulate matter where biodegradation or chemical 
hydrolysis will occur. Although parathions are considered to be less persistent, 
these pesticides and their metabolites, particularly p-nitrophenol, have caused 
environmental pollution (Howard, 1991). The LD50 oral rats of p-nitrophenol was 
467 mg/kg (http://siri.uvm.edu/msds) which fall into toxicity category II according to 
USEPA (Table 1.1) which was still very toxic. 
1.4. Conventional methods dealing with pesticides 
Figure 1.2 shows the suggested priorities for dealing with hazardous wastes such as 
pesticides (Miller, 1997). Ideally, there are three steps in treating these chemicals. 
First，reduce the use of it by legislation (e.g. restrict the use of PCP as wood 
preservatives and ban the use of methyl-parathion for food uses) (www.epa.gov).“ 
The second approch is to remove it from the environment by several means. 
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Produce less waste 
Reduce or 
eliminate Recycle and 
production reuse 
Y 
Convert to less hazardous or non-hazardous substances 
Thermal Chemical, physical Ocean and 
Incineration Treatment and biological atmospheric 
‘ treatment assimilation 
y 
Put in perpetual storage 
Landfill Surface Waste piles Underground 
impoundments injection 
Figure 1.2 The suggested priorities for dealing with hazardous waste such as 
pesticides (Miller, 1997). 
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These hazardous chemicals were converted into non-hazardous substances via 
physical, chemical and biological treatments (Brandt et al, 1997; Chiu et al., 1998; 
Wang et al., 2000; Peiro et al., 2001). For the last priority, these chemicals were 
buried in landfills or injected into underground. Currently the order of priorities 
shown in Figure 1.2 is reversed in the United States and in most other countries. It 
is mostly because the costs of producing and dealing with these wastes are not 
included in the market prices of products. About 64 % of hazardous wastes are 
disposed of in pits, ponds, deep wells and landfill; 22% are discharged to streams and 
sewers; 7% are burned in incinerators, 7% are recycled, reused, or processed to 
reduce toxicity (Miller, 1997). This reflects that a cost-effective method is really 
needed for the environmental cleanup rather than just stored / buried the hazardous 
waste in landfill or underground or even discharged to aquatic environment without 
any treatment. 
Traditional methods dealing with pesticide-contaminated soil include disposal in 
landfill sites, incineration, soil washing and chemical extraction (Barbeau et al., 
1997). Physical processes such as pumping or venting techniques followed by 
concentration on activated carbon or air stripping in the case of volatile compounds 
or incineration in the case of higher molecular weight contaminants (Adriaens & 
Vogel，1995). These methods are expensive (Table 1.5), destructive to the 
environment and ineffective for anything other than point source pollution (Head, 
1998). For the method of adsorption, activated carbon is considered as the most 
effective method to eliminate pesticides from water (Thome & Jeimiaux，1997). 
The adsorption system on activated carbon is highly efficient. However, the 
disadvantage of this method is the expensive and time-consuming regenerating " 
process. Only thermal desorption at high temperature (800�C) is applicable. The 
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spent carbon has to first be removed from the system and sent to a special treatment 
facility. Since post-treatment is needed to desorb the pesticides and this would 
enhance the treatment cost (Thome and Jeuniaux, 1997). Besides, the 
organopollutants only transfer from aqueous phase to the soil phase of the activited 
carbon without the degradation of the chemicals. In order to make the treatment 
cost effective in cleaning up the environment, several recent technological methods 
are under active research, including photocatalytic oxidation (PCO) (Jardim et al, 
1996; Konstantinou, et al.’ 2001; Peiro et al., 2001) and bioremediations which 
involves the use of microbes and enzymes for degrading the organollopollutants 
(Laine & Jorgense，1996; Semple & Fermor; 1998 & Eggen, 1999). In my research, 
I will only focus the study in bioremediation. 
1.5. Bioremediation 
Bioremediation is an in situ or ex situ process in a contaminated site where pollutants 
are removed biologically under the controlled conditions to reduce the levels to meet 
the standards set by the regulatory authorities (degrade, sorb or detoxify pollutants 
(Alexander, 1994). In an ideal case, bioremediation will result in the complete 
mineralization of the hazardous compounds to CO2 and water or in their 
detoxification to innocuous end products. It has also become an intensive area for 
research and development in academia, government, and industry. It is partially 
because of new laws requiring stricter protection of the environment and mandating 
the cleanup of contaminated sites. Alternative methods of remediation, such as 
incineration or absorption, are expensive due to the large volumes of contaminated 
soil or groundwater that need to be treated. 
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Table 1.5 The estimated costs of physical, chemical and biological treatments in 
contaminated soil (Duran & Esposito，2000). 
Treatment Approximate remediation cost (/ tonne) 
Solidification 
Cement and Pozzolan based 25-175 
Lime based 25-50 
Vitrification 50-525 
Physical process 
Soil washing 25-150 
Removal to landfill Up to 100 
Vapour extraction 75 
Chemical process 
In situ flushing 25-80 
Solvent extraction 50-600 
Chemical dehalogenation 175-450 
Thermal treatment 
Thermal desorption 25-225 
Incineration 50-1200 
Biological treatments 
Windrow turning 10-50 




In situ bioremediation 175 
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In addition, many physical processes such as sorption onto activated carbon or soil 
washing only transfer the contaminant to another compartment, with no degradation 
of the compound. Crawford and Crawford (1996) reported the estimated costs of 
biotreatment of biodegradable contaminants in soil ranging between $40 and $100 
per cubic yard, as compared with costs as high as $250 -$800 per cubic yard for 
incineration and $ 150-$250 per yard for landfilling. According to the report "Royal 
Commission on Environmental Pollution~Sustainable Use of Soil in UK" cited by 
Duran & Esposito (2000), chemical pollution in soil has been treated using physical 
and chemical processes which have proven to be expensive (Table 1.5). 
Considering that billions of dollars in cleanup costs may be saved when these rates 
are projected over the whole of the industrialized world, and also incineration and 
landfilling are no longer an alternative for many wastes, it is no surprise that 
bioremediation is receiving so much attention (Laine & Jorgense，1996; Semple & 
Feraior; 1998 & Eggen，1999). At present, employing the biochemical abilities of 
microorganisms is the most popular strategy for the biological treatment of 
contaminated soils and waters (Head, 1998). 
1.6. Spent mushroom compost 
1.6.1. Background 
Spent mushroom compost (SMC) is a solid byproduct of the mushroom industry and 
consists of 20% organic matter, including cellulose, hemicellulose, lignin and some 
residual nutrients such as nitrogen and phosphorus (Kuo & Regan, 1992). Although 
SMC of Agaricus bisporus has been sterilized before utilization, 24-30% of the 
microbes are relatively resistant and survive after the sterilization process. Thus, 
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the microorganisms in the SMC may consist of bacteria, actinomycetes, and fungi 
(Kuo & Regan, 1992). Most of the compost is left behind as residues called spent 
mushroom compost (SMC). Sometimes this material is called spent mushroom 
substrate (SMS) or more recently proposed "post mushroom substrate" 
(http://mushroomspawn.cas.psu.ediiy Envlmpact.htm). 
As mushroom is one of the most common and popular foods in the world, the 
production of the mushroom and thus SMC is in very large amounts (Chiu et al.， 
2000). In 1993, about 3 million tons of SMC were produced in 12 European 
countries and about 604 thousand tons were produced in China (Luo, 1992; Gerrits, 
1994). In 2000，global Agaricus production reached 2,383,710 tons (Chiu et al., 
2000)，and Agaricus only occupies 30% of the world mushroom production (Chang, 
1999). Each year, about 500 thousand tons of used mushroom compost was 
discarded in Pennsylvania States in U.S. and Pennsylvania, which only produces 
40% of U.S. mushroom. Thus with an estimation, around 1.25 million tons of SMC 
was discarded in U.S. (http://www.engr.psu.edu/news/News/1995%20press% 
20Release/June/miishroom.html& http://www.aginfo.psu.deu/PSA/s99/mushroom5. 
html). Table 1.6 summaries the production of SMC in Europe, China, United States 
and Israel. SMC is of little economic values and about 75-80% of it was landfilled 
(Semple et al., 1998). Most of which was traditionally been disposed of to landfill 
or used in agriculture. According to the UK Government White Paper on "Making 
Waste Work" in 1995, it emphasized the need for more sustainbale use of waste 
materials. In the past disposal to landfill has been relative cheap, but the declining 
availability of landfill sites and the increasing pressure on industry to recycle and 
reutilize its by-products led to the introduction of a "Land-fill Tax" in 1996 (Fermor 
et al.，2000). As a result disposal costs can be high. From the above statistics, the 
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amount of SMC produced each year world-wide leads to a disposal problem. 
Recycling the use of SMC in bioremediation technology will be a low-cost 
alternative to landfill. Also, the use of it in bioremediation could help to smooth 
the disposal problems. 
1.6.2. Physical, chemical and biological properties of SMC 
According to the Ministry of Agriculture and Food in British Columbia, SMC can 
act as a fertilizer for its nutrient content and as a soil amendment for its high porosity 
to alter physical properties of the soil, such as water infiltration rate, water holding 
capacity, bulk density, permeability and aeration (http://www.afg.gov.be) SMC is 
rich in nitrogen, phosphorus and potassium (NPK), which releases slowly and 
steadily, making SMC ideal for use in agriculture. All SMC from mushroom 
cultivation in Israel presently is sold to be composted for use in organic farming 
(Levanon & Danai，1997). SMC can be used as a partial substitute for peat in 
artificial media, for growing flowers and vegetables (Levanon & Danai, 1997) and 
stimulate the growth of different plants (Chong and Rinker, 1994). Since SMC has 
a chemical ability to absorb organic and inorganic pollutants, and contains a 
microbial population that can break down a number of them, SMC can be used in 
purification systems (Levanon & Danai, 1997). Shojaosadati and Elyasi (1999) 
reported that SMC of Agaricus with ground snail shell can act as a biofilter to 
remove the contaminant hydrogen sulfide (H2S) in air. In addition, it can act as a 
primary component for constructed wetland used to remediate water downgraded by 
acid mind drainage (Lloyd et al, 1994). SMC is likely to contain not only a large 
and diverse group of microorganisms, but also a wide range of extracellular enzymes 
active against wheat straw (Ball and Jackson, 1995). 
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Table 1.6 The production amount of spent mushroom compost in Europe, China, 
United States and Israel (Luo, 1992; Gerrits, 1994; Levanon & Danai，1997 and 
http://aginfo.psu.edu/PSA/s99/mushroom5.html). 
European Country Mushroom (t x 1000) SMC (t x 1000) 
France 187 748 
The Netherlands 190 760 
UK 114 456 
Italy 87 348 
Spain 55 220 
Germany 60 240 
Ireland 42 168 
Belgium 30 120 
Denmark 8 32 
Greece 1.5 6 
Portugal 0.5 2 
Sub Total 775 3,100 
China 151 m 
United States "" 
Pennsylvania 
(Contribute to 40% of - 500 
country production) 
Sub Total - 1250 
Israel - 2 
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Table 1.7 shows the chemical and physical properties of SMC of Agarius bisporus 
(Kuo and Regan, 1998). 
Table 1.7 Physical and chemical properties of SMC (Kuo and Regan, 1998). 
Wet Basis Values 
Total water content % 60.5 
Total solid % 39.5 
Organic matter % 19.8 
Ash % 19.7 
p H 7.8 
Dry Basis 
T K N % U 
TP % 0.558 
K % ‘ 1.82 
C a % 14.6 
Cu mg/kg 30 
Ni mg/kg 117 
Pb mg/kg 91 
Zn mg/kg 72 
Cr mg/kg 84 
1.6.3. Recycling of agricultural residuals 
1.6.3.1. Definition . 
Recycling is a series of activities that includes collecting recyclable materials that 
would otherwise be considered waste, sorting and processing recyclables into raw 
materials, and manufacturing raw materials into new products (http://www.epa.gov). 
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1.6.3.2. Types of recycling 
There are two types of recycling, they are primary and secondary (Miller, 1997). 
The most desirable type is primary, in which wastes discarded by consumer 
(post-consumer wastes) are recycled to produce new products of the same type (e.g. 
newspaper into newspaper, aluminum cans into alumium cans and so on). The less 
desirable is secondary, in which waste materials are converted into different products. 
Primary recycling reduces the amount of virgin materials used in making a product 
by 20-90%, whereas secondary recycling reduces the use of virgin material by only 
25% at most (Miller, 1997). 
Growing mushrooms is a waste recycling and waste producing activity. Mushroom 
farms benefit the environment by using other waste products (e.g. cotton, wheat 
straw, poultry litter and gypsum) for the substrates and they are converted into the 
edible mushrooms. After the mushroom harvest, the spent compost, which is 
regarded as wastes, can be recycled and used as new products such as soil 
conditioners and fertilizers in organic farming. 
It is one type of disposal as SMC is recycled back onto the fields for other 
agricultural crops. Besides, SMC can be recycled to serve as a bioremediating 
agent (Levanon & Danai, 1997). The use of SMC combines the ideas of biological 
environmental cleanup and the recycling of the waste products. As a result, use of 
spent compost for bioremediation could smooth a major solid waste disposal problem 
in Pennsylvania, US (Kuo & Regan, 1998). Kuo and Regan (1998) stated that 
mushroom composts may be the "green" key to pesticide cleanup. The recycling of 
SMC is regarded as the secondary type. In 1997, recycling and composting 
activities prevented nearly 61 million tons of material from ending up in landfills and 
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incinerators. Today, U.S. recycles 28 percent of its waste, a rate that has almost 
doubled during the past 15 years (http://www.epa.gov). Figure 1.3 shows the 
suggested priorities for dealing with material used and solid waste. There are three 
priorities in dealing with solid wastes (e.g. SMC). For the first priority, waste 
prevention is recommended (Reduction). For the second priority, recycling and 
reuse of the used material were suggested. For the last priority, waste management 
such as waste treatment was suggested when the waste cannot be reduced, reused, 
recycled or composted (Miller, 1997). Since the spent mushroom compost is the 
unavoidable product of mushroom industry, thus recycling of it will be an important 
way to handle these agriculture wastes. 
1.6.4. Potential uses of SMC as bioremediating agent 
1.6.4.1. Use of microorganisms in SMC 
Composting is an aerobic process that allows the rapid proliferation of a variety of 
microbial groups including aerobic actinomycetes, bacteria such as bacilli and 
pseudomonads, mesophilic and thermophilic actinomycetes as well as 
lignin-degrading fungi (Semple et al., 1998，2001)，all with the potential to degrade a 
variety of aromatic pollutants. According to Amner et al. (1988), thermophilic 
actinomycete populations including species of Thermomonospora, 
Thermoactinomyces, Saccharmonospora and Streptomyces are present in mushroom 
compost. Ultimately, SMC acts like the xenobiotic-degrading microorganisms 
carrier and as a nutrient source for the inoculant in contaminated soils (Semple et al., 
1998). The microbial consortium present in Agaricus SMC was reported to degrade 
carbaryl, carbofliran, aldicarb (Kuo & Regan, 1998), BTEX (Semple et al., 1 9 9 8 ) “ 
and PCP (Semple & Fermor，1997). 
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1.6.4.2. Use of ligninolytic enzymes in SMC 
Table 1.8 shows the lignocellulose-degrading enzymes recovered from blended SMC 
(Ball & Jackson，1995). Many studies (Okeke, et al, 1993’ 1994; D'Annibale, et 
al.，2000; Hublik & Schinner，2000; Trejo-Hemandez, et al., 2001) reported that the 
ligninolytic enzymes such as lignin peroxidase, manganese peroxidase and laccase 
secreted extracellularly by white rot fungi also have the potential to attack xenobiotic 
compounds with carbon structures similar to those in lignins. These enzymes were 
widely applied in wastewater and soil system with phenolic pollutants (Duran & 
Esposito, 2000). The white-rot species are unique due to their production of an 
unusual enzyme system which catalyzes the degradation of lignin. Advantageously, 
these ligninolytic enzyme system displays a high degree of non-specificity and 
oxidizes a large spectrum of environmental pollutants, besides lignin. Table 1.9 
shows the distribution of extracellular enzymes in different white rot species. 
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Priority 
Primary Pollution and Waste Prevention 
-Use less of a harmful product 
-Change industrial process to eliminate use of harmful chemicals 
1 r  
2nd Priority 







-Treat waste to reduce toxicity 
-Incinerate waste 
-Bury waste in landfills 
-Release waste into environment for dispersal or dilution 
Figure 1.3 The suggested priorities for dealing with material used and soil waste 
(Miller, 1997). 
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Table 1.8 Ligninocellulose-de^ading enzymes recovered from blended Agaricus 
bisporus SMC (Ball & Jackson，1995). 
Enzymes Enzyme activity expressed as  








Peroxidase 70 6 
Phenol oxidase (laccase) 51.4 
Lignocellulose-degrading activity 
of extract ^^ 
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Table 1.9 The distribution o f extracellular enzymes in different white rot species 
(Okeke et al” 1994; Rajarathnam et al” 1998; Wang et a/.,1998). 
Extracellular enzymes 
Lignin peroxidase Manganese peroxidase Laccase 
Phanerochaete , 
chrysosporium 卞 一 
Phanerochaete 
sordida _ 十 _ 
Lentinula 
edodes ~ 十 + 
Agaricus 
bisporus _ 卞 十 
Ganoderma 
lucidum - 十 + 
Pleurotus 
Pulmonarius " + + 
Coriolus , 
versicolor ‘ + 
Phlebia , 
radiata 十 + 
Phlebia , . 
ochraceofulva “ + 
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White rot species such as Coriolus versicolor and Phlebia radita contain all three 
enzymes (LiP, MnP and Laccase) whereas Phanerochaete sordida only has one 
enzyme (MnP) (Rajarathnam et al.’ 1998). Other species contain two enzymes with 
different combinations (Okeke et al., 1994; Wang et a/., 1998). 
1.7. Ligninolytic enzymes 
1.7.1. Background 
The potential for using white rot fimgi for bioremediation of contaminated soils and 
water was suggested in the mid-1980s by several research groups (Bumpus et al, 
1985; Kuwahara, 1984; Leisola, 1985; Kirk & Farrel，1987). They showed that 
Phanerochaete chrysosporium, a white rot fungus known for its ability to degrade 
lignin, could also degrade several environmentally persistent organic pollutants to 
carbon dioxide. Although observations of aromatic pollutants breakdown by 
white-rot fimgi date back 30 years, the connection of this process with ligninolytic 
metabolism was noted more recently, when several groups observed that the 
basidiomycete Phanerochaete chrysosporium degrades benzo[a]pyrene, DDT, 
chlorinated anilines, various alkylhalide insecticides and a polychlorinated biphenyl 
mixture under culture conditions that promote the expression of ligninolytic 
metabolism (Bumpus et aL，1985). The ability of P. chrysosporium to degrade most 
organopollutants correlates closely with ligninolytic acitvity in culture, both 
processes depending on secondary (idiophasic) metabolism, which is triggered by 
nutrient starvation and the cessation of cell growth (Bumpus et al” 1985). The 
following parts focus only on oxidation that shows clear mechanistic connections 
with ligninolytic metabolism. 
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1.7.2. What are white rot fungi? 
The term white rot fungi is a functional, rather than a systematic, classification 
denoting wood rotting fimgi that have the ability to selectively degrade lignin in 
wood, leaving behind considerable amounts of cellulose that give white appearance 
to the decayed wood. The most studied for their biodegradative abilities are 
members of the polyporous basidiomycetes (e.g. Phanerochaete chrysosporium, 
Pleurotus ostreatus) and agarics (e.g. Agaricus bisponis) (Bumpus, 1998). 
1.7.3. Why is lignin so difficult to degrade? 
Lignin is an abundant natural product whose function in nature is to provide 
structural support for plants (Figure 1.4). Unlike most biopolymers (i.e. cellulose, 
protein, DNA), monomers in lignin are not held together by regularly repeating 
linkages (i.e. glucosidic bonds, amide bonds, phosphodiester bonds). Instead, 
arylprophy monomers of lignin are held together in a three-dimensional array by a 
variety of seemingly random carbon-carbon and carbon-oxygen bonds. Further, the 
free radical process by which lignin is formed is not stereospecific. Thus, several 
enationmeric configurations of chiral carbons exist in lignin. All these facts 
combine to make lignin a very difficult polymer to degrade because any process that 
causes substantial biodegradation of lignin must be both nonspecific and 
non-stereoselective. Indeed, most microorganisms do not have substantial ability to 
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Figure 1.4 Structures of lignin residues. 
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The white-rot species are unusual among microorganisms in that they are able to 
mineralize all components of native lignin into carbon dioxide and water 
(Rajarathnam et al., 1999). White-rot species like P. chrysosporium produced 
numerous extracellular lignin peroxidase(s) and/or manganese peroxidase(s) that 
were able to initiate the depolymerization and degradation of lignin and, its 
oligomers and monomers (Breen & Singleton, 1999). Phenol oxidases such as 
laccase, present in many white-rot species but not in P. chrysosporium, are also 
thought to participate in the oxidative degradation of lignin. Thus recently the brown 
rot flmgi producing laccases are found to be able to degrade lignin to a certain extent. 
Lignin peroxidase use H2O2 as a terminal acceptor of electrons removed from lignin 
or other substrates, while laccases use oxygen (Bumpus, 1998; Breen & Singleton, 
1999; Rajarathnam et al., 1999). 
Lignin biodegradation by white-rot fungi is an oxidative process in which H2O2 plays 
an important role. The lignin-degrading system and enzymes involved have been 
studied quite extensively in P. chrysosporum. When actively degrading lignin, this 
fimgus produces extracellular H2O2 by another enzyme system(s) and a number of 
peroxidases (LiP and MnP) that were able to oxidize several lignin model 
compounds. One of the peroxidases designated, lignin peroxidase (LiP) was found 
to be induced by veratryl alcohol which is synthesized de novo by the fimgus during 
its ligninolytic phase. The enzyme is distinctly assayed by the oxidation of veratryl 
alcohol to veratraldehyde in the presence of H2O2. In the same fungus, many 
enzymes have been proposed for H2O2 generation, including intracellular enzymes 
such as glucose oxidase and glucose-2-oxidase (Rajarathnam et a!., 1998). 
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1.7.4. Three main ligninolytic enzymes 
1.7.4.1. Lignin peroxidases (LiP) 
LiP is a heme-containing glycoprotein secreted during secondary metabolism as a 
response to nitrogen limitation in P. chrysosporum. LiPs are strong oxidizers 
capable of catalyzing the oxidation of phenols and aromatic amines, aromatic ethers 
and polycyclic aromatic hydrocarbons. Table 1.10 shows different substrates that 
have been degraded by LiP. The reaction is oxidative, requiring the presence of 
hydrogen peroxide, and the enzyme, a heme protein, acts by releasing highly reactive, 
transient free oxygen radicals which then react with parts of the lignin molecule, 
breaking covalent bonds and releasing a range of mainly phenolic compounds 
characteristic of lignin breakdown (Rajarathnam et al., 1998; Breen and Singleton, 
1999) (Figure 1.5). 
From the chemical nature of the fragments produced when the enzyme acts on a 
synthetic lignin-like dimeric molecule which bonds in the enzyme molecule has 
broken can be deduced. One of the principal reactions in flmgal ligninolysis is 
oxidative Ca-Cp cleavage of the lignin propyl side chain (Figure 1.6) (Kirk and 
Farrell，1987). For example, the principal arylglycero-P-aryl ether structures of 
lignin，which comprise 50%-60% of the total polymer, are cleaved in vivo to give 
Ca-benzylic aldehydes. Figure 1.4 shows that LiPs ionize their aromatic substrates 
to give aryl cation radicals acting in effect as minute mass spectrometers. These 
cation radicals then undergo a variety of non-enzymatic reactions, including 
nucleophilic attack by water in the case of some simple aromatics or carbon-carbon 
bond fission in the case of phenylpropane models that imitate natural lignin 
substractes. The initial steps of fungal ligninolysis thus result from enzymatic 
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one-electron oxidations of lignin. 
Table 1.10 Selected reactions that lignin peroxidase are known to catalyze (Leisola 
et al, 1985; Kersten et al., 1985; Haemmerli et a!.’ 1986; Bumpus and Brock, 1988; 
Hammel and Tardone, 1988; Mileski et al, 1988; Chang and Bumpus, 1993) 
Substrates Products Reactions 
Pentachlorophenol 2,3,5,6-tetrachloro-2,5-cyclohexa- Oxidative 
1,4-dione dechlorination 
Benzo[a]pyrene-1,6-quinone 
Benzo[a]pyrene Benzo[a]pyrene-3,6-quinone Oxygenation 
Benzo[a]pyrene-6,12-quinone 
Crystal violet 聊 ， ， 『 ， = 。 — — N - D _ _ a t i o n 
1,4-Dimethoxybenzene 1,4-Benzoquinone 0-Demethylation 
4-Chloroaniline 八 complex mixture of dimers, s-Oxygenation 
tnmers, and tetramers wxygenaiion 
Veratrvl almhni Cis-and trans-lactone aromatic . ‘. • i 
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Figure 1.5 . The path of lignin breakdown by Phanerochaete chrysosporium. 
Veratryl alcohol is a breakdown product which stimulates the synthesis of lignin 
peroxidase, and hence lignin breakdown, an example of positive feedback or 
metabolic amplification (modified from Kirk et a!•，1992). 
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Figure 1.6 A linear region of softwood lignin, showing the major 
arylglycerol-p-arylether structure of the polymer and principal sites of flmgal 
side-chain cleavage (modified from Kirk and Ferrell, 1987). 
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The enzyme does not require steric specificity instead of a combination between the 
enzyme and its substrate being needed, the substrate is bombarded with free radicals 
generated by the enzyme. The fungal ligninolysis is called "enzymatic combustion" 
as the reaction will continue to preceed once the free radical is generated in the very 
beginning (Kirk and Farrell, 1987). Thus how is hydrogen peroxide generated to 
cycle the reduction-oxidation chain reaction? Enzyme systems have been found in 
fimgi, which will do this by oxidizing glyoxylated glucose or alcohols (Bumpus, 
1998，Rajarathnam et al.’ 1998). This explanation for lignin decay is attractive 
because it accounts for the hitherto mysterious necessity for close contact between 
hypha and substrate. This is obviously essential where attack is due to a very 
short-lived free radical generated by the hypha. 
1.7.4.2. Manganese peroxidase 
Manganese peroxidase (MnP, EC 1.11.1.7) occurs in most white-rot flmgi. MnPs 
are glycosylated, heme-containing enzymes that functionally require H2O2. These 
manganese dependent peroxidases function by oxidizing M n � . to Mn^ ^ (Figure 1.7). 
Mn-peroxidases (MnP) are capable of producing H2O2 from reductants such as 
glutathione (GSH) using O2 as an oxidant (Rajarathnam et al., 1998; Breen and 
Singleton, 1999). The redox potential of Mn^ ^ is theoretically strong enough to 
catalyze ligninase-like reactions under physiological conditions. An enzymatically 
generated oxidized manganese species acting as an active, diffusible agent in lignin 
biodegradation is an attractive conceptespecially because of the size advantage of 
manganese over enzymes in penetrating lignocellulosic complexes (Breen & 
Singleton, 1999). The ligninolytic activity of the lignin degrading Lentinus edodes 
was shown to be dependent on manganese addition (Rajarathnam et al.’ 1998). It 
has been demonstrated that MnP in Lentinus edodes in the presence of Mn^ ^ could 
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also catalyze the oxidation of veratry alcohol. The reaction was greatly stimulated 
by GSH. It is also suggested that chelated Mn^ ^ and lignin peroxidases may act in 
concert achieving a synerigstic lignin degradation (Rajarathnam et al., 1998). 
The involvement ofMnP in the oxidative degradation of several important pollutants 
like pentachlorophenol and other toxic chlorinated compounds is well documented 
(Okeke et al, 1994; Hofrichter, et al, 1998; Crestini et al.’ 2000). Table 1.11 
shows different environmental pollutants which are degradable by MnP. 
1.7.4.3. Laccase 
Laccase (benzenediohoxygen oxidoreductases, ECl.10.3.2) is a blue copper oxidase 
that catalyzes the 4-electron reduction of molecular oxygen to water during its 
oxidation of phenolic, aromatic amines, ascorbate and metal cyanides. Laccase 
may interact directly with phenolic components of lignin or, in the presence of a 
"mediator" compound, react with a broader range of substrates (Figure 1.8). A 
mediator is a co-substrate, the most often cited is 
2,2'-azinobis-(3)-ethylbenzythiazoline-6-sulphonate (ABTS), which functions as a 
diffiisable lignin-oxidzing agent. The existence of mediators was postulated 
because of the fact that purified laccases cannot react directly with the intact fibrous 
cell wall (Breen & Singleton，1999). This indicates that another component was 
necessary and mediators were hypothesized to be low molecular weight "oxidizing 
vehicles’，secreted by flmgi. A natural mediator, 3-hydroxyanthranilic acid, has 
been detected in the white-rot flmgus Pycnoporus cinnabarinus but little is known 
about laccase mediators in nature (Rajarathnam et al, 1998). 
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Table 1.11 The uses of fungal enzyme "manganese peroxidase" in treating different 
types of organopollutants. 
Enzyme Substrates (degradarion & References  
detoxification) ^lerences 
Manganese peroxidase 2,4-dichlorophenol Valli and Gold, 1991 
4,4'-dihydroxybiphenyl Valli and Gold, 1991 
2,5-dimethoxybenzene Valli and Gold, 1991 
2,4-dinitrotoluene Valli and Gold, 1991 
Lignin Crestini et al.’ 2000 
Pentachlorophenol Okeke et al.’ 1994 
Phenanthrene Hammel et a/.，1992 
Phenols Duran & Esposito, 2000 
Phenol red Kuwahara et al, 1984 
Poly R-481 Kuwahara et al,, 1984 
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Maloiiate Mn(III) 
；>1 人 yf MnP 
r - y MnP。，H20 
Ligninox Mn(II) 
Figure 1.7 Mechanism of MnP action. MnP oxidizes Mn (II) to Mn (HI). 
Mn(III) will then react with bidentate organic acide chelators such as malonate to 
form a complex capable of oxidizing phenolic residues in lignin (modified from 
Archibald et al., 1997). OX, oxidized state. 
(a) 
Lignin ox h \ Laccase ^ 
(Phenolic residues) / \ / \ \ / 
% 
L — n Laccase 饥 ^ 
(b) iMcdiator 
Lignin /-I K Laccase 
V Y 
Laccase „ / H2O 
Figure 1.8 Mechanism of (a) laccase action and (b) laccase action via a mediator. 
OX, oxidized state (modified from Breen & Singleton，1999). 
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Carbon source can induce laccase and regulation of laccase expression can differ 
greatly among species (Rajarathnam et al” 1998). Investigators have induced 
laccase activity by heat and cadmium exposure and suggested that laccase induction 
may be part of some stress responses (Breen and Singleton, 1999). The influence of 
nitrogen on laccase activity has varied from organism to organism and remains 
controversial. Laccase has the advantage that it does not require the addition of 
H2O2 as with peroxidase (Rajarathnam et al., 1998). Immobilized laccase in 
organic solvents showed good stability and high tolerance to elevated temperatures. 
The possible application of laccases in the detoxification of various aquatic and 
terrestrial pollutants and in the treatment of industrial waste waters is advocated 
(Rajarathnam et aL, 1998; Breen and Singleton, 1999). Ullah (2000) reported that 
complete removal of PCP by laccase at 25 |ig/ml had been observed after 72 hours. 
Amitai (1998) found that fungal laccase showed complete and rapid oxidative 
degradation of organophosphorus insecticides. Table 1.12 shows different 
xenobiotics which are degraded by laccase. 
1.8. Why was SMC chosen to be the bioremediating agent in my 
project? 
Figure 1.4 shows the structure of lignin and Figures 1.9 (a)-(e) show different 
chemicals that have similar structure to lignin have been degraded by white rot flmgi 
Phanerochaete chrysosporium (Table 1.13). These chemicals include agricultural 
chemicals (Figure 1.9 (a)), polyaromatic hydrocarbons (Figure 1.9 (b))’ explosives 
(Figure 1.9 (c))，azo dyes (Figure 1.9 (d)) and chlorinated compounds (Figure 1.9 (e)) 
(Bumpus, 1998). 
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Table 1.12 The uses of fungal enzyme “laccase，，in treating different types of 
organopollutants. 
D Substrate (degradation and ^ ^ 
— m e detoxiffcarion) References 
Laccase 2,6-dimethoxyphenol T r e j o - H e ; d e z e, a/.’ 
Organophosphorus insecticides Amitai et al., 1998 
Pentachlorophenol Ullah et al.，2000 
Polyaromatic hydrocarbons Eggen, 1999 
Synthetic dyes Rodriguez et a!., 1999 
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Table 1.13 The list of compounds reported to be degraded by the white rot fimgus 
Phanerochaete chrysosporium (Bumpus, 1998). 
Polycylic 
— 二 C , 二 r i c — BTEXs 
-Benzo[a]pyrene ^ ^ , , , , 
_ Phenanthrene “ Pentachlorophenol - 2,4,6- - Benzene 
_ Fluorene “ Dichlorophenol trinitrotoluene - Toluene 
_ Pyrene “ Dichlorobenzene - RDX - Phenol 
-Anthracene _ Dichloroaniline - Nitroglycerin - Ethylbenzene 
Polycyclic 
r_】， Chlorinated Chlorinated Organo-phosph Sulfonated 
咖 P S Aromatic Alkyhalides , oms Aromatic 
Compounds Insecticides Compouds 
-DDT - Lindane 
-Dicofol - Chlordane - Chlorpyrifos "P^^ethyl-
-2,3,7,8-tetra- - Mirex - Fonofos hydroxy-
chlorodibenzo- - Carbon - Terbufos benzenesulfonic 
p-dioxin tetrachloride acid 
Groups Biopolymers Azo dyes Polymeric Dyes Tnphenyl-metha 
ne Dyes 
-Lignin “ Congo Red - Crystal violet 
-Kraft lignin _ T r 二 = O _ 讓 _， s o l Red 
_ Cellulose _ 1 贈 t • ‘ - Bromphenol 
-Humic acids yellow ^ blue 
-Orange G 
Aromatic 
Groups Compounds Heterocyclic Dyes Others 
related to Lignin 
-Veratryl alcohol -Indigo Carmine - Atrazine 
-Guaiacol -Neutral Red - Cyanide 
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2,3,7,8-Tetrachlorodibenzenzo-p-dioxin 
Figure 1.9 Structures of (a) argicultural chemicals, (b) polyaromatic hydrocarbons, 
(c) explosives, (d) azo dyes and (e) chlorinated aromatic compounds that are 
degraded by Phanerochaete chrysosporium (Bumpus, 1998). • 
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Since ligninolytic enzymes can act on a broad spectrum of substrates, its 
non-specificity towards different pollutants make them potential for bioremediation 
of contaminated soil and water (Bumpus, 1985). In my study, Pleurotus 
pulmonarius straw SMC was used and the fungus is reported to produce laccase and 
manganese peroxidase (Camarero et al., 1996). MnP and laccase are now known to 
catalyze the oxidative dechlorinations more efficiently than LiP does (Roy-Arcand 
and Archibald, 1991). As a result, SMC could be a cheap source of crude 
ligninolytic enzymes which degrade a variety of lignin-like organopollutants. Thus 
SMC was chosen to be the bioremediating agent in my research. 
1.9. Bioremediation of chlorophenols and PCP 
1.9.1. Bacterial system 
Figure 1.10 (a) shows the proposed degradation pathway of PCP in aerobic 
conditions. Bacteria such as Mycobacterium chlorophenolicum (syn. Rhodococcus 
sp.) and Sphingomonas chlorophenolica (syn. Pseudomonas sp. and Flavobacterium 
sp.) have been shown to degrade PCP (Apajalahti & Salkinoja-Salonen，1987). 
Many bacteria use PCP as the sole source of carbon and energy. Figure 1.10 (a) 
shows that for most PCP-utilizing bacteria, the degradation of PCP starts with the 
PCP 4-monooxygenase catalyzing oxygenolytic conversion into 2,3,5,6 
tetrachlorohydroquinone (TeCH) (Apajalahti & Salkinoja-Salonen, 1987; 
McAllister et al., 1996). The existence of a PCP specific monooxygenase as the 
first step in the degradation of PCP emphasizes the importance of oxygen for the 
rapid bioremediation of it in the environment (Litchfield & Rao，1998). The 
subsequent dechlorination via tetra-, tri-, di- into monochlrohydroquinone catalyzed 
by the TeCH reductive dehalogenase was also involved. Degradation of 
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polychlorinated phenols including PCP is in general initiated via hydroxylation, 
oxygenolysis and reductive dechlorinations involving hydroxylase, 
PCP-4-monooxygenase and TeCH reductive dehalogenase (McAllister et al, 1996). 
Ring cleavage occurs only after all or most of the chlorine substituents has been 
removed (Haggblom and Valo, 1995). The chlorine atoms at 2,4- or 2,6-position 
were degraded faster by Sphingomonas chlorophenolica than 3,5 substituted 
chlorophenols (van Agteren et al, 1998). 
1.9.2. Fungal system 
White rot fungi transform a variety of persistent aromatic pollutants, including PCP, 
because organisms produce various extracellular enzymes with a broad substrate 
range. Enzymes which are involved in the flmgal oxidation of chlorophenols are 
lignin peroxidase, manganese peroxidases and laccase (van Agteren et al.’ 1998). 
Figure 1.10 (b) shows the degradation of 2,4,5 trichlorophenol by fungus P. 
chrysosporium (Valli and Gold, 1991). The first step in degradation of 
trichlorophenol was a peroxidase-catalysed oxidative (LiP or MnP) dechlorination to 
dichlorobenzoquinone and then further to dichlorohydroquninone (Villi & Gold^ 
1991). The formation of chlorohydroquinone in fiingal system was also observed in 
some bacterial system. Figure 1.10(c) shows the degradation of 2,4-dichlorophenol 
by P. chrysosporium. The degradations resulted from several ftmgal processes 
include: 1) peroxidative dechlorination of phenols by LiP and MnP to give quinones; 
2) reduction of these quinones to hydroquinones; 3) methylation of hydroquinones to 
give dimethoxybenzene, and 4) oxidative dechlorination of these hydroquinones (by 
MnP and LiP) and dimethoxybenzenes (by LiP) to give hydroxyquinones (Villi and 
Gold，1991). These ligninolytic enzymes are non-specific and they can metabolize 
different substrates such as chlorophenol and its subsequent intermediates. 
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Figure 1.10 (a) The proposed pathway for dechlorination and degradation of PCP 
and 2,3,5,6-tetrachlorophenol under aerobic conditions (modified from Apajalahti 
& Salkinoja-Salonen, 1987; McAllister et al, 1996) 
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Figure 1.10(b) The proposed pathway for the mineralization 2,4,5-trichlorophenol 
and 2,4-dichlorophenol by fungus P. chrysosporium (modified from Valli and 
Gold, 1991) 
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Figure 1.10 (c) Route proposed by Valli and Gold (1991) for 2,4-dichlorophenol 
degradation in cultures of P. chrysosporium. 
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According to Okeke et al. (1994), the formation of pentachloroanisole (PCA, the 
methylated product) in metabolism of PCP by P. chrysosporium was reported. 
However, methylated products generated in fungal system were not observed in the 
bacterial metabolism. 
1.10. Bioremediation of methyl-parathion 
1.10.1. Bacterial system 
Figure 1.11 shows the breakdown pathways of methyl-parathion by bacteria (Mateen 
et al., 1994). Some Pseudomonas spp. were reported to hydrolyse methyl-parathion 
to p-nitrophenol only, whereas the complete degradation of methyl-parathion was by 
the mixed cultures of bacteria (Mateen et al.’ 1994). Moraxella sp. and 
Flavobacterium sp. were reported to degrade p-nitrophenol, and release nitrite which 
was assimilated into the bacterial cells. Figure 1.11 shows that parathion is 
generally first hydrolyzed to p-nitrophenol and diethylthiophosphate (DETP). The 
membrane bound p-nitrophenol oxygenase mediated the conversion of p-nitrophenol 
to hydroquinone and nitrocatechol. These two intermediates were further 
metabolized and ring cleavage occurred. The second metabolite of 
methyl-parathion, DETP, was mineralized to sulfate and phosphate by the mixed 
bacteria cultures (e.g. P. acidovorans) (Mateen et al, 1994). Biochemical studies of 
microorganisms capable of degrading parathions showed the presence of a parathion 
hydrolase. A Pseudomonas strain hydrolyzed parathion at a rate of Ix lO* 
nmol/min/mg of protein (Cho et al, 2000). Apart from hydrolysis, oxidation is 
another pathway for complete removal of methyl-parathion. Another Pseudomonas 
sp. was reported to oxidize methyl-parathion rapidly and completely (Amitai et al” 
1998). 
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Figure 1.11 Proposed pathway for the microbial degradation of parathions and 
methyl-parathion (modified from Mateen et aL, 1994) 
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1.10.2. Fungal system 
Enzymatic degradation of organophosphorus (OP) insecticides is carried out either 
by OP acid hydrolases (OPH) or OP acid anhydrolase (OPAA) (Cho et al.’ 2000). 
The OPH enzyme expresses a broad-spectrum activity that is capable of hydrolyzing 
organophosphorus compounds, including those have P-0 bond as well as P-F，P-CN 
and P-S bonds (Cho et al.’ 2000). However, it was observed that the P-S bond in 
certain phosphorothioates is more resistant to OPH enzymatic hydrolysis. However, 
these phosphorothioates could rapidly be degraded by chemical oxidation of the P-S 
bond using various peroxides such as hydrogen peroxide. It is conceivable that 
enzymatic oxidative breakdown of the P-S in certain organophosphates would lead to 
a more efficient detoxification than hydrolysis (Amitai et al.，1998). The 
degradatative properties oflaccase and manganese peroxidase isolated from white rot 
fimgus Pleurotus ostreatus in the presence of the mediators show rapid oxidative 
degradation of organophosphorus insecticides via the cleavage of P-S bond (Amitai 
et al； 1998). According to Alexander (1977)，nitro group reduction to an amino 
group detoxifies certain organophophate insecticides such as parathion. 
1.11. Proposal and experimental plan of the project 
In many previous studies, it was proven that SMC of Agaricus bisporus has the 
ability to degrade a variety of organopollutants by microbes and extracellular 
enzymes, e.g. pentachlorophenol (Semple and termor, 1995), PAHs (Eggen, 1999), 
BTEX (Semple et al., 1998) and cabamate insecticides (Kuo and Regan, 1998). In 
my studies, pesticides namely PCP and methyl-parathion were selected, and the SMC 
of the oyster mushroom Pleurotus pulmonarius was used. 
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1.11.1 Study the removal of pesticides in both water and soil system 
About 80% of PCP were used as the wood preservative in timber industry and as a 
biocide in agrucultural industry and thus its residues were mainly left in the soil 
system (http://www.epa.gov). Since PCP was originally introduced into the soil 
environment, bioremediation in soil system will be studied. However, when there is 
sloping land or a water course nearby the soil surface where was contaminated by 
PCP, there is a possiblity that these toxic compounds will move from the soil surface 
to the water bodies such as rivers and lakes. Since streams and groundwater 
commonly contain PCP in concentrations of micrograms per liter (Larson et al, 
1997)，the study of the removal of this pesticide in water system can predict the fate 
of these pollutants in the natural aquatic system. Thus the removal of PCP in both 
aquatic and soil system were carried out. As methyl-parathion is used to control 
pests in the terrestrial agricultural land and so it enters the soil system. Also, 
methyl-parathion can also contaminates surface waters through the application of 
biting insects, drift from the agricultural land or drainage from agricultural catchment 
(Crane et al.’ 1998). Therefore, both soil and aquatic environments for the 
degradation of methyl-parathion would be examined. 
1.11.2. Research strategy 
For the artificial water system, 15 ml centrifuge tube with 10 ml total reaction 
mixture was used, whereas 50ml centrifuge tube with 2 g soil was used to imitate the 
soil system. SMC used was ground to powder and homogeneous form in liquid 
nitrogen by mortar and pestle. The powder form of SMC makes it easier to be 
added into the mini scale setup. In addition, such a small scale is convenient, save 
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space and resources when doing experiments. 
1.11.3. Optimization of pesticide removal 
In order to use SMC in an effective way, optimization of their removal with different 
parameters is needed. Parameters of the following: incubation time, temperature, 
pH, initial pesticide concentrations and amount of SMC used were studied. We 
hope to find out an optimal condition for pesticides removal in batch system under 
the controlled environment in laboratory. A time course study of the removal of 
pesticides by SMC was carried out as the removal kinetics of them revealed their 
removal mechanisms (e.g. removal by biosorption or by biodegradation; degradation 
by the action of immobilized enzymes or via enzyme induction). In addition, it 
helps to find out the shortest time that needed for the complete removal. 
Cost-effectiveness is an important matter to be considered in bioremediation as we 
want to use the optimal amount of SMC with the minimum resource input to achieve 
the maximum removal efficiency (RE) or removal capacity (RC) of pesticides within 
the shortest period of time (incubation time). Many studies reported that in situ 
bioremediation was affected by a number of environmental factors, e.g. temperature, 
pH, soil moisture, soil type, bioavailability, present of other xenobiotics, initial 
pollutant concentrations and amount of bioremediating agent used that would not 
post another environmental pollution problem (Crawford & Crawford^ 1996; 
Romantschuk et al” 2000). In bioremediation, temperature and pH are the two 
main factors which affecting the survival/stability and activity of microbes. Thus, 
these parameters are included in the study. 
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1.11.4. Identiflcatoin of breakdown products 
During the degradation of pesticides, the breakdown intermediates generated may be 
more toxic than their parental compound. Thus the study of the breakdown 
products is very important even complete removal of the target pollutant was 
obtained. The quality of the organic transformation products was therefore 
analysed by GC/MS and the inorganic transformation products was monitored by ion 
chromatography. According to these results, the breakdown pathway of the selected 
pesticides by spent P. pulmonarius compost would be proposed in the discussion 
section. 
1.11.5. Toxicity Assay 
Since the biotransformation products can be more toxic than their parental 
compounds and different metabolites may have additive or synergic effect towards 
the overall toxicity, Microtox® Assay allows the analysis of overall toxicity in the 
systems. In this bioassay, determination of the effluent toxicity is based on the 
reduction of bioluminescence of a marine bacterium, Vibrio fischeH, following 
exposure to toxicants. A photometer is used to measure the luminescence output of 
the bacteria before and after the exposure of sample (toxicants) with known 
concentrations, and the luminescence output is compared with that of a control, 
which only contains the diluent. The change of luminescence output is recorded and 
the data is calculated by a software, MTX7, to determine the degree of toxicity of the 
sample (Microbics Corporation, 1995). Toxicity bioassays were performed with 
Microtox® Analyzer (M500, Microbics Corporation, USA), following the basic test 
and 100% test procedures outlined in the Microtox® Operation Manual (Microbics 
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Corporation, 1995). The change in bioluminescence was measured after 5 and 15 
minutes. The 5-min and 15-min toxicities of sample were reported as effective 
concentration ( E C 5 0 ) (i.e. 50 % decrease of luminescence compared with that of 
control). EC50S and 95 % confidence intervals were calculated by software MTX7. 
The inhibition on light production by the luminescent bacterium Vibrio fisheri 
indicates disturbance of the energy metabolism of this heterotrophic bacterium since 
the luminescence pathway is a direct branch of the electron transport chain. Hence 
the change in bacterial luminescence in the presence of the organic pollutants can be 
used as an indicator of its toxicity. This method is thus sensitive to compounds that 
act as uncouplers of the electron transport chain and hereby causes acute toxicity 
(Laine et al., 1997). 
1.11.6. Isotherm Plot 
In order to represent the dynamic behaviour of any absorbate (pesticides) from 
solution to the solid (adsorbent, SMC) phase, it is important to have a satisfactory 
description of the equilibrium state between the two phases (Noll et al., 1992). The 
adsorption isotherm is the graphical representation, indicating the amount of solute 
adsorbed by the adsorbent as a function of the equilibrium concentration of the solute 
in a bulk solution at constant temperature (Weber, 1972; Faust & Denton, 1987). 
The shape of the adsorption isotherm gives qualitative information about the 
adsorption process and the extent of the surface coverage by the adsorbent. There 
are many isotherm models to describe the monolayer adsorption, and the Freundlich 
adsorption isotherm is perhaps the most widely used in the environmental 
engineering practice to model adsorption of pollutants from an aqueous medium 
55 
empirically. The Freundlich equation is expressed as: 
x/m = KCj 他 
where jc = the amount of solute adsorbed, 
m = the weight of adsorbent, 
(x/m = the removal capacity), 
Ce = the equilibrium concentratin of the solute in the bulk solution, and 
K and 1/n = constants characteristic of the system. 
The Freundlich equation can be transformed and written in logarithmic form: 
Log {x/m) = log A： + (1/n) log Q 
By plotting log removal capacity {x/m) verus log solute equilibrium concentration 
(Ce), a straight line with a slope equal to Vn and in intercept equal to log K would be 
generated. The intercept is roughly an indicator of the adsorption capacity and the 
slope, 1/n, the adsorption intensity (Weber, 1972). The extent of fitness of the 
pesticide on SMC to the Freundlich adsorption model could be measured by the 
value of the correlation coefficient R . 
1.12. Objectives of the study 
1. To study the physical and chemical properties of the spent compost of 
mushroom Pleurotus pulmonarius. 
2. To optimize the removal conditions of pesticides in both aquatic and soil 
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systems. 
3. To investigate their breakdown pathways in both systems by GC/MS and ion 
chromatography. 
4. To assess the toxicity of artificial contamination of pesticides in both aquatic 
and soil systems before and after the treatment by SMC by Microtox® Assay. 
The results from this study can reflect whether SMC, a waste product, is of potential 
use to bioremediate pesticide-contaminated sites. 
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2. Materials and Methods 
2.1. Materials 
Spent mushroom compost (SMC) was the waste solid product after the harvest of 
fruiting bodies in mushroom industry. In my study, the fresh straw SMC from the 
cultivation of oyster mushroom Pleurotus pulmonarius (Pl-27) was used for most 
parts of the study. The production of fresh SMC was described in section 2.2 below. 
In one study on the effect of the age of SMC on performance, 3-year old air dried 
SMC provided by Dr. S.W. Chiu was also examined. After freeze-drying by 
freeze-dryer (Labconco, Missouri, USA) at 0°C and reduced pressure for 2 days, 
SMC was ground into powder form with liquid nitrogen using mortar and pestle 
before use. It was stored in a dessicator under room temperature for further use. 
2.2. Production of spent mushroom compost (SMC) 
The straw compost of oyster mushroom Pleurotus pulmonarius was produced as 
follows: Straw, wheat bran and lime were mixed in a ratio of 88%: 10% : 2 %, and it 
was then moistured by 60% water (Ching, 1997). The well-mixed straw was then 
undergone fermentation for 1 week. Afterwards, the fermented straw was sterilized 
by autoclaving at 121°C for 2 hours. The Pl-27 culture provided by Dr. S.W Chiu 
was used as an inoculum. After the harvest of the fruiting bodies of the oyster 
mushroom, the solid Pleurotus SMC was collected, freeze dried and ground into 
powdered form. 
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Straw 88%, lime 2%, wheat bran 10% 
I 





T inoculate with mycelia of oyster mushroom (Pl-27) 
Harvest the mushroom 
I 
Collect straw SMC of oyster mushroom 
I 
Freeze dry and grind into powdered form 
Keep in dessicator at room temperature 
Figure 2.1 A flowchart showing the production and preparation of SMC of oyster 
mushroom used in this study. 
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2.3. Characterization of SMC 
Unless specified, all experiments for the characterization of spent oyster mushroom 
compost and soil were done with triplicates. 
2.3.1. pH 
0.1 g solid sample was first soaked with 10 ml ultra-pure water (pH = 5.5) and the 
mixture was shaken at 250 rpm for 30 minutes. The pH of the liquid sample was 
measured by a pH electrode connected to a Coming 320 Ion Analyzer. 
2.3.2. Electrical conductivity 
0.1 g SMC was soaked with 10ml ultra pure water and the mixture was shaken at 250 
rpm for 30 minutes. The liquid sample was filtered through a 0.45 \im millipore 
filter membrane and the leached soluble ions were determined by the Coming 
Checkmate conductivity measurement system. 
2.3.3. Carbon, hydrogen, nitrogen and sulphur contents 
The freeze-dried solid sample was first ground to fine powder using a miller (Tecator, 
1093 Cyclotec Sample Mill). Afterwards, 2.000 土 0.001 mg powder was weighted 
accurately using an analytical balance (AD-4 Autobalance, Perkin Elmer) and put 
into a CHNS/O analyzer (PE2400, Perkin Elmer). A known standard was first 
applied to calibrate the analyzer. The CHNS/O analyzer uses a high temperature 
970°C to convert the elements carbon, hydrogen, nitrogen, sulphur and oxygen in a 
sample into simple gases as carbon dioxide, hydrogen dioxide, nitrogen gas, sulphur 
dioxide and oxygen, respectively. These gases will be measured by the thermal 
conductivity detector. All measurement was made on a weight percent basis. 
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2.3.4. Ash content 
A crucible was first heated at 100°C for 8 hours and let cool to room temperature. 
Then 0.1000 土 O.OOOl g of powdered SMC was put into the pre-weighted crucible 
which was put into a fumance and heated at 500�C for 3 hours. After cooling, the 
ash content (%) of SMC was calculated as follows: 
Ash content of SMC (%) = (Wf-Wi )/WsX 100% 
where Wf is the weight of crucible and ash of SMC (g), Wi is the weight of empty 
crucible (g) and Ws is the amount of SMC tested (g). 
2.3.5. Metal analysis 
The quantitative metal analysis of SMC was conducted as described by AOAC 
(1990). All glasswares were acid-treated by soaking them in an acid bath of 10% 
HCI overnight. They were then washed with ultra pure water and oven-dried before 
use. The freeze-dried powdered SMC was ashed as in section 2.3.4. After cooling, 
the ash was transferred to a digestion tube. Ten drops of ultra pure water were 
added to wet the white ash and 3.0 ml of 35% concentrated nitric acid was added into 
the digestion tube which was placed in a heating digestion block (VELP DK 42/26) 
at 100-120�C. Until no white gas was emitted, the SMC was digested for about 1 
hour at 500°C. Afterwards, the digestion tube was let cool to room temperature and 
10 ml of 12% concentrated hydrochloric acid was added. All the digested mixture 
in the digestion tube was transferred to a 50ml volumetric flask and was diluted with 
ultra pure water to a final volume of 50 ml. The digested samples were filtered by 
Whatman no.l filter paper and analyzed by atomic absorption spectrophotometry 
(Hitachi Zeeman Z-8100). Three replicates were done for each sample. The 
61 
actual metal concentration in the tested solution was calculated by multiplying the 
metal concentration determined from a standard curve with dilution factor, if any. 
2.3.6. Anion content 
The leached soluble anions of SMC, namely: fluoride, chloride, nitrite, nitrate, 
bromide, phosphate and sulphate in a liquid sample were determined by ion 
chromatography (Dionex 500 ion chromatography system). 0.1 g SMC was soaked 
with 10 ml of ultra pure water and the mixture was shaken at 250 rpm for 30 minutes. 
The liquid sample was first filtered by 0.45 |im millipore filter membrane and then 
loaded into the lonPac anion exchange column by the autosampler. A mixed 
solution of 1.8 mM sodium carbonate and 1.7 mM sodium bicarbonate was used as 
the eluent solution. The eluted anions were detected by a conductivity detector 
(Dionex CD20). The combined anion standard solution was prepared from the 
commercially available stock (Dionex, California) and run in parallel. 
2.3.7. Chitin assay 
The chitin contents of spent oyster mushroom compost and fermented straw were 
determined gravimetrically after solubilizing the protein and minerals based on the 
chitin assay mentioned by Lena et al (1993). Freeze-dried SMC was first 
undergone alkaline hydrolysis by IN NaOH in a ratio of 1:40 (w/v). The mixture 
was boiled at 120°C for 15 minutes. After cooling, the pellet (cell wall) was 
collected by centriftigation. It was washed with distilled water by centrifUgation 
until the solution became colorless. The solution was then measured at 260 nm and 
280 nm to ensure that the readings were zero meaning that no more protein eluted out. 
The pellet was then demineralized using 2N HCl in a solid/solvent ratio of 1:10 (w/v). 
The reaction mixture was heated at 95°C overnight and the supernatant was collected 
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by centrifugation. 12N NaOH was added to the supernatant and the precipitate 
formed was collected by filtration with oven-dried and pre-weighted GF/C filter. 
Then the filter was dried in an oven at 105°C for 24 hours. The percentage of chitin 
content of SMC (w/w) was calculated according to the following equation, 
Chitin content (%) = (Wf-Wi)/ W s x l O O % 
where Wf is the dry weight of chitin residue with filter paper (g), Wj is the dry weight 
of filter paper (g) and Ws is the dry weight of SMC (g). 
2.4. Characterization of soil 
Soil collected from the greenhouse of CUHK was first oven-dried and then sieved 
through a stainless-steel net of 2 mm (Endecotts, London, England). The soil was 
then sterilized by autoclaving at 121�C for 45 min. The pH, elemental carbon and 
elemental nitrogen contents were analyzed by the methods mentioned in sections 
2.3.1 and 2.3.3 respectively. 
2.4.1. Soil texture 
The determination of soil texture was done according to the hydrometer method as 
described in Bouyoucos (1962). The procedure set below assumes that soil 
particles have a specific gravity of 2.65, and that sedimentation is carried out at 2(f C. 
The hydrometer (VWRbrand, USA) is calibrated in g soil/L suspension at 20°C. If 
the temperature was above 20°C, 0.3 was added to the reading. If the temperature 
was below 20°C, 0.3 was subtracted from the reading. 
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Air-dried soil was first collected. Then 50 g fine-textured soil and 100 g 
coarse-textured soil were weighted and their over-dried weights were recorded. All 
soil was transferred to a dispersing cup. 125 ml sodium hexametaphosphate 
dispersing solution (40 g/L) was added and swirled gently. The cup was placed on 
the stirring machine for vigorous shaking for 10 minutes. The entire dispersed 
sample was transferred to a 1-L cylinder and it was filled by distilled water to the 
1000 ml mark. The cylinder was covered with parafilm and all contents in it were 
mixed by placing one hand over the mouth and inverting the cylinder about 20 times 
in 1 minute. It was then placed on a flat surface and the time was noted 
immediately. After the start of sedimentation, the hydrometer readings were taken 
at 40 seconds and 120 minutes, respectively, and the hydrometer was lowered into 
the suspension for about 20 seconds before a reading is taken. The temperature was 
recorded after reading the hydrometer. 
The ratio of sand: silt: clay was calculated as follows: 
Sand % = 100- (corrected 40sec reading / oven-dried sample weight) x 100 
Clay % = (corrected 120min reading / oven-dried sample weight) x 100 
Silt%= 100 "(sand + clay) 
2.4.2. Moisture content 
The moisture content of soil was determined by drying 10 g of soil in an oven at 
1 0 5 � �f o r 3h and the % of moisture was calculated by (weight of water/weight of 
soil). 
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2.5. Basic studies on the removal capacity of pesticides by SMC 
Two pesticides, pentachlorophenol and methyl-parathion, were examined. Their 
structures are shown in Figures 2.2 (a) and (b) respectively. 
2.5.1. Preparation of pentachlorophenol (PCP) and methyl-parathion stock 
solution 
1000 mg/L of PCP and methyl-parathion stock solutions were prepared by dissolving 
0.25 g PCP (Sigma P-1045) and 0.25 g methyl-parathion (Riedel-deHaen® 45608) 
into 250 ml methanol (HPLC grade, Acros, USA) respectively. The stock solutions 
were kept at -20°C for later experiments. The concentrations against peak areas in 
HPLC or GC/MS for these pesticides are shown in Figure 2.3. 
2.6. Experimental design 
2.6.1. In aquatic system 
0.1 g SMC was added to 15ml sterile Falcon tube. Nine ml sterilized ultra pure 
water and then 1ml pesticide stock solution (1000 mg/L) were added to the tube so 
that the final concentration was 100 mg/L. The whole system was then incubated 
by shaking at 250 rpm for a total period of 2 days in darkness at room temperature. 
After the treatment, the SMC was removed by centriftigation. The pesticide 
residues in the supernatant and pellet were extracted with hexane (HPLC grade, 
Mallinckrodt, USA) as mentioned in 2.7.1. The samples prepared were then 
injected into HPLC or GC/MS for both quantitative analysis and putative 





C ' y S ^ c i 人 
CI l o , 




y = 127401X y = 1500QX 
12000000 - R2 = 0.9912 k 1400000 R2 = 0.9977 / 
10000000 - / 1200000 / 
A 1000000 . / 
2 8000000 / 2 / 
^ J ^ 800000 . / 
6000000 / / 
^ / oi 600000 . / 
4000000 . / / 
y 400000 . J 
2000000 _ / / 
/ 200000 . / 
0 V- I I I 0 / , , 
0 50 100 150 0 50 100 150 




12000000 - r2 = 0.9912 y i y = 892602x 
10000000 . J 80000000 . = 0.9976 r 
8000000 . / / 
g / 60000000 . / 
6000000 J I / 
^ / ^ 40000000 / 
4000000 / S 
/ “ / 
2000000 _ / 20000000 . J 
0 K , 1 1 0 / 
0 50 100 150 0 50 100 150 
Concentration (mg/1) Concentration (mg/1) 
Figure 2.3 Regression of concentrations of methyl-parathion (b, d) and 
pentachlorophenol (a, c) with the peak areas quantified by high performance liquid 
chromatography (HPLC) (a, b) and gas chromatography mass spectrometer (GC/MS) 
(c，d)’ respectively. Each data point is presented by the mean of triplicates 士 
standard deviation. 
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2.6.2. In soil system 
The following procedures of soil treatment were modified from Okeke et al (1996) 
and Andersson & Henrysson (1996). Soil collected from the Greenhouse of CUHK 
was first oven-dried and then sieved through a stainless-steel net of 2 mm (Endecotts, 
London, England). The soil was then sterilized by autoclaving at 121�C for 45 min. 
Two grams of sterilized soil in 50ml sterile Falcon tube were spiked with lOOmg/kg 
pesticides. The methanol used to dissolve the pesticides was let evaporate 
overnight. 0.1 g straw SMC of oyster mushroom was then introduced to the 
Falcon tube in which all content was moistured by 60% (v/w) ultra pure water. The 
whole tube was incubated by shaking at 150 rpm overnight at room temperature. 
The whole system was kept stationary for 1 week at room temperature. After the 
treatment by SMC, the pesticide residues in soil were extracted with 10ml hexane as 
mentioned in 2.7.2. The samples prepared were then injected into HPLC and 
GC/MS for analysis. 
2.7. Extraction of pesticides (both PCP and methyl-parathion) 
2.7.1. In aquatic system 
After incubation of pesticides with SMC for a certain period of time, SMC biomass 
was removed by centrifugation at 5000 rpm. The supernatant and the pellet (SMC 
biomass) were separated and both were extracted for the pesticide residues as 
described in Okeke et al. (1993). The pesticide residues in both supernatant or pellet 
were extracted with 10ml hexane (HPLC grade, Mallinckrodt, USA) with vigorously 
shaking at 350 rpm for 2 hours. The hexane portion was removed from the solution 
and transferred into a rotary flask. Then the extraction was repeated with another . 
10ml hexane using the same procedure. The two hexane portions were pooled 
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together and they were concentrated and evaporated at 60°C in a rotary evaporator 
with a vacuum pump. One ml of HPLC grade methanol was added into the flask to 
redissolve the crystal after evaporation. The methanol (HPLC grade, Acros, USA) 
was then removed using a syringe and filtered through a 0.45 |Lim filter (Acrodisc 
syringe filters 4CR PTFE). The filtered methanol was stored in an eppendorf tube 
at -20°C for further HPLC or GC/MS analysis. In parallel, SMC without pesticides 
was extracted and served as reference. The GC/MS chromatogram of SMC is 
shown in Figure 2.4. 
2.7.2. In soil system 
After incubation with SMC for a certain period of time, the pesticide residue in soil 
was extracted with 10 ml hexane (HPLC grade) as described in 2.7.1. In parallel, 
the soil without pesticides was extracted and served as reference. The GC/MS 
spectrum of it is shown in Figure 2.5. 
2.8. Quantification of pesticides 
2.8.1. By high performance liquid chromatography (HPLC) 
PCP was quantitatively estimated and analyzed by HPLC using a fiBondapack™ Cig 
reverse phase column (3.9 mm by 300 mm, 5 pm particle). The conditions for 
quantitation of PCP were according to Okeke et al. (1993) and Chiu et al. (1998). 
The isocratic solvent system used for resolution was acetonitrile (HPLC grade, 
Mallinckrodt, USA): water : acetic acid in a ratio of (75 : 25 : 0.125) at flow rate of 
1 ml min] using a liquid chromatography pumping system (Waters 600). The 
samples were automatically loaded into the column by the autosampler (Waters 717). 
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Figure 2.4 GC/MS chromatogram of the spent P. pulmonarius SMC. Most major 
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The effluent of PCP was monitored at 215 run with photo-diode array detector 
(Waters 996). The conditions for quantitation of methyl-parathion by HPLC were 
modified from Cho et al (1997). The isocratic elution was by acetonitrile: water in 
a ratio of (75:25) at a flow rate of 1ml inin"\ The effluent of methyl-parathion was 
monitored at 260 nm. 
2.8.2. By gas chromatography- mass spectrometry (GC/MS) 
Quantitation of pesticides and the identification of their degradation products were 
analyzed by GC/MS (Shimazu QP5050A) on HP-5MS crosslinked 5% PH ME 
siloxane column (0.25 mm x 30 m x 25 |im film thickness). The samples were 
automatically loaded into the column by the autosampler (Shimazu AOC-20i). Two 
libraries (Shimazu corporation, NIST 12.Lib & NIST 62.Lib) were used to match and 
putatively identify the peaks resolved in a gas chromatogram. In addition, authentic 
standards for the following compounds were run in parallel to GC/MS for 
confirmation of identification. The carrier gas was helium (flow rate, 50 ml min"^ ) 
and the GC operating conditions for both PCP and methyl-parathion used followed 
those of Abbas and Hayton (1996): 
Parameters GC operating conditions 
Oven temperature 70°C 
Oven equilibrium time 0.5 min 
Injector temperature 200 
Interface temperature 300 °C 
Sampling time 2 min 
Split mode Splitless 
Split ratio 30 
Column pressure 94.9 kPa 
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Column flow 1.5 ml/min 
Linear velocity 44.4 ml/min 
Solvent cut 6 min 
The gradient temperature program used below was mentioned in Abbas and Hayton 
(1996) 
Rate (�C/min)Temperature ( ° C ) T i m e (min) 
- ~70 i 
15 200 8 
15 250 3 
The programme time was 24 minutes. 
2.9. Optimization of pesticides degradation by SMC in both 
aquatic and soil systems 
The optimized conditions of pesticide degradation by SMC were determined by 
different experimental settings. Each time, only one parameter was varied to study 
the influence of such factor on the removal of pesticides by SMC. Unless specified, 
five replicates were examined for each parameter in optimization. 
2.9.1. Effect of initial pesticides concentration on the removal of pesticides 
0.1 g SMC was added to the pesticides and the whole mixture was incubated in 
darkness at room temperature for 2 days. Different initial concentrations of 0，10， 
25，50 75 and 100 mg/1 as well as 0，20, 50，100，200, 2000 mg/kg were conducted in 
water and soil system, respectively. For control, all conditions were the same as 
mentioned before except that SMC was not added. The remaining procedures were 
the same as those in sections 2.7.1 (aquatic system) and 2.7.2 (soil system). 
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2.9.2. Effect of amount of SMC used on the removal of pesticides 
The amount of SMC used varied from 0，0.025, 0.05，0.1，0.25, 0.5 to 0.75 g. The 
effect of the amount of SMC used and the initial pesticide concentration were 
examined at the same time as mentioned in 2.9.1. The remaining procedures were 
the same as those in section 2.7.1 (aquatic system) and 2.7.2 (soil system). 
2.9.3. Effect of incubation time on the removal of pesticides 
A time course study of the degradation of pesticides was conducted. 0.1 g SMC 
was used to incubate with 100 mg/1 and 100 mg/kg of pesticides in water and soil 
system respectively in darkness at room temperature. The remaining procedures 
were the same as in sections 2.7.1 (aquatic system) and 2.7.2 (soil system). By 
varying the incubation time from 15 min to 1 week, the pesticides content and its 
metabolites were investigated using GC/MS. The control, which indicated the 
stability of pesticides with time without the addition of SMC, was examined in 
parallel. 
2.9.4. Effect of initial pH of on the removal of pesticides 
0.1 g SMC was used and mixed with 100 mg/1 or 100 mg/kg of pesticides, 
respectively, in water and soil systems in darkness at room temperature. The initial 
pHs chosen were: 1.03, 3.06，6.30, 9.30 and 12.00. The pH was adjusted by adding 
appropriate amount of IN or 12N sodium hydroxide (NaOH) and IN or 12N 
hydrochloric acid (HCI). The remaining procedures were the same in 2.7.1 (aquatic 
system) and 2.7.2 (soil system). 
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2.9.5. Effect of incubation temperature on the removal of pesticides 
0.1 g SMC was used and mixed with 100 mg/1 or 100 mg/kg of pesticides in water 
and soil system, respectively, in darkness at room temperature. Samples were then 
incubated at 4，15，25, 37，50 and 75°C for 2 days. The control, which showed the 
stability of pesticides with temperature without the addition of SMC, was run in 
parallel. The remaining procedures were the same in 2.7.1 (aquatic system) and 
2.7.2 (soil system). 
2.10. The study of breakdown processes of pesticides 
2.10.1. GC/MS 
The mass spectra of eluted peaks were matched with those in the libraries (Shimazu 
corporation, NIST 12.Lib & NIST 62.Lib) that installed in mass spectrometer and the 
breakdown products can be putatively identified. Some commercial authentic 
standards of 3,4, dichlorophenol (Fluka, 36160), 4-chloroanisole (Fluka, 23430)， 
2,4-dinitrophenol (Sigma, 119F5031), 2,6-dimethyl-phenol (Sigma, 47H3512) and 
3,4-dimethoxybenzyl alcohol (ACROS, AO 14065001) were also injected to GC/MS 
to confirm the identities. 
2.10.2. Ion chromatography 
The increase in free chloride ions after the incubation of PCP by SMC as well as the 
increase in nitrate, phosphate and sulphate contents after the incubation of 
methyl-parathion by SMC was quantified by ion chromatography as described in 
section 2.3.6. 
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2.11. Microtox® assay 
Toxicity bioassays were performed with Microtox® Analyzer (M500, Microbics 
Corporation, USA), following the basic test and 100% test procedures outlined in the 
Microtox® Operation Manual (Microbics Corporation, 1995). EC50S and their 95 % 
confidence intervals were calculated by software MTX7. 
2.12 Assessment criteria 
In my study, two assessment criteria were used to assess the performance of SMC 
towards the pesticides. They are removal efficiency (RE) and removal capacity 
(RC). RE was defined as the ratio of the amount of pollutant removed to the 
corrected initial pollutant amount times 100%. On the other hand, RC is the 
amount of pollutant removed per unit mass of sorbent. 
RE (%) = (amount of pesticides removed / corrected initial amount of pesticides 
added) x 100% 
RC (mg pesticide /g'^  SMC) = amount of pesticide removed / SMC used 
2.12.1. In aquatic system 
Removal is contributed by biosorption and biodegradation. Biosorption removal 
refers to the amounts of PCP which bound to or in SMC. Biodegradation removal 
is calculated by substracting the total residual PCP measured (residue level in 
supernatant + pesticides bound to SMC) from the initial pesticides added. As a 
result, the following equations summarize the calculation. ... 
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RC by biosorption (mg/g) = amount of pesticides bound to SMC/ SMC used 
RC by biodegradation (mg/g)= < [corrected initial pesticide]- [residue in supernatant]-
、 
[pesticides bound to SMC] ‘ / SMC used 
= I [corrected initial pesticides]-[residue in supernatant]-
[removal by biosorption]/ SMC used 
The corrected values refer to the measured content extracted and quantified by the 
instrument (HPLC or GC/MS) with accounts for the extraction efficiency and the 
stability of the pesticide. 
2.12.2. In soil system 
The SMC and the soil matrix which have been pre-mixed together could not be 
differentiated and thus the removal by biosorption is not presented. Biodegradation 
is the only removal mechanism measured in this setup. Mathematically, the RE in 
soil system is calculated as follows: 
RC by biodegradation (mg pesticide/g SMC) = | [corrected initial pesticide]-[residue 
level in the system] - / SMC used 
The corrected values refer to the measured content extracted and quantified by the 
instrument (HPLC or GC/MS) with accounts for the extraction efficiency and the 
stability of the pesticide. 
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2.13. Statistical analysis 
Unless specified, 5 replicates were examined for each parameter. Data were 
presented in mean 士 standard deviation. Analysis of Variance (ANOVA) was used 
to detect any significant difference among the treatments and the control if there 
were a number of cases. However, student t test was used when only two sets of 
data were compared. If there was significant difference among the groups, ranking 
of the groups was performed with the Tukey test (p = 0.05). Letters a, b, c represent 
the ranking from the highest to the lowest by Tukey test (p = 0.05). Both statistical 
programmes were provided in SPSS (Version 10.0) software. 
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3. Results 
3.1. Characterization of spent mushroom compost (SMC) and 
soil 
Tables 3.1 to 3.4 summarize the physio-chemical properties of the spent mushroom 
compost of mushroom Pleurotus pulmonarius (SMC) used in this project. SMC was 
neutral with a pH around 7. It contained 25.61 土 0.08o/o organic matter and 2.42 士 
0.02% nitrogen. Nitrate, phosphate and sulphate were water-soluble nutrients leached 
out when SMC was soaked in water. Large amounts of macro-nutrients, namely 
sodium, potassium and calcium, were found in it. Besides, trace amounts of heavy 
metals such as iron, zinc and manganese were recorded. Other heavy metals such as 
copper, chromium, cadmium and lead were undetectable. SMC was comprised of 
about 25.17 土 1.37o/o chitin which might be the main component for biosorption. 
Table 3.5 shows the basic properties of soil which was collected from the green house 
in CUHK. The soil consisted of 99.10 土 0.07% sand, 0.63 土 0.02% silt and 0.26 土 
0.07% clay. Thus the soil was categorized as a sandy soil. It had a moisture content of 
11.87 士 0.130/0，an organic matter content of 2.13 土 0.44o/o and a pH of 6.60 士 0.04. 
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Table 3.1 Physio-chemical properties of straw SMC of oyster mushroom. Each data is 
represented by the mean 土 standard deviation of triplicates. 
pH' 6.69 土 0.02 
Conductivity (dSM'^f 5.84 土 0.09 
C%b 25.61 ±0.08 
H%b 4.20 ±1.33 
N%b 2.42 ±0.02 
S % ' 0.49 ±0.15 
a Extract of 0.1 g SMC : 10 ml ultra pure water 
b C，H, N & S o/o were measured by CHNS/0 analyzer 
Table 3.2 Anions leached from straw SMC of oyster mushroom. Each data is 
represented by the mean 士 standard deviation of triplicates 
如ions / w m * Reference level  
(mg/gofSMC) Amons(mg/l)* 
Fluoride 0.0886 ± 0.0249 4.43 ±1.25 -
Chloride 1.3480 ± 0.0638 67.44 ±3.19 <250^ 
Nitrite 0.0008 ± 0.0002 0.04 土 0.01 -
Bromide 0.0435 ± 0.0227 2.17 土 1.13 -
Nitrate 0.0039 ± 0.0018 0.20 ± 0.09 MCL' <10' 
Phosphate 0.6088 ± 0.0261 30.44 ±1.30 -
Sulphate 0.4110 士 0.0124 20.55 土 0.62 <250*' 
a National primary drinking water regulations by USEPA 
b National secondary drinking water regulations (NSDWRs) by USEPA 
c Maximum Contaminant Level (MCL) • The highest level of a contaminant that is 
allowed in drinking water 
•Extract of 0.1 g SMC : 10ml ultra pure water 
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Table 3.3 Metal contents of straw SMC of oyster mushroom. Each data are 
represented by the mean 土 standard deviation of triplicates. 
Content 
Sodium (mg/g) 1.30 ±0.11 
Potassium 6.91 士 0.02 
Calcium 14.75 土 7.01 
Iron 0.34 士 0.08 
Zinc 0.22 ±0.13 
Manganese 0.46 士 0.04 
Copper (|ig/g) 0.00 土 0.00 
Chromium 0.00 土 0.00 
Cadmium 0.00 士 0.00 
Lead 0.00 土 0.00 
Table 3.4 Chitin content (% by weight of sample) of both fermented straw and straw 
SMC of oyster mushroom. Each data are represented by the mean 土 standard 
deviation of triplicates. 
Chitin content (%) 
Fermented straw* 9.78 ± 0.56 
Fresh straw SMC of oyster mushroom 25.17 ± 1.37 
•Fermentation is brought about by the indigenous & air-bome micro-organisms to 
digest the mushroom substrate. Thus, the detected chitin represents the presence of 
fungi in fermentation. 
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Table 3.5 Physical and chemical properties of soil that collected from green house, the 
Chinese University of Hong Kong. Each data point is represented by the mean 土 
standard deviation of triplicates. 
pH 6.64 士 0.04 
Sand (%) 99.04 土 0.07 
Silt (%) 0.71 ±0.02 
Clay (%) 0.25 ± 0.07 
Moisture (%) 11.87 ±0.13 
C (%) 2.13 ±0.44 
H (%) 0.46 ±0.21 
N (%) 0.31 土 0.05 
s (%) 0 . 0 0 土 0 . 0 0 
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3.2. Quantification of pesticides by HPLC and GCMS 
The chromatograms of PCP and methyl-parathion eluted from HPLC and GC/MS 
under the specific conditions mentioned in sections 2.8.1 and 2.8.2 are shown in 
Figures 3.1 (a)-(d). The retention times of PCP & methyl-parathion in HPLC were 
8.015 and 6.203 minutes, respectively whereas these in GC/MS were 13.083 and 
12.809 minutes, respectively. 
3.2. Extraction efficiencies of pesticides with hexane 
Using the extraction methods described in section 2.7.1 (water system) and 2.7.2 (soil 
system), the extraction efficiencies of both pesticides in aquatic and soil systems were 
ranged from 78.54 土 8.70% to 88.30 土 2.29%. Figures 3.2 (a-d) show the extraction 
efficiencies of both pesticides at different concentrations. Both systems did not show 
significant difference by one-way ANOVA test. 
3.4. Stabilities of pesticides against time 
Figure 3.3 (b) shows that PCP was stable during the 7 days incubation time in aquatic 
system. Figure 3.3 (d) indicates that there was a 12 % drop of PCP over the 7 day 
incubation period in soil system. Figure 3.3 (a, c) shows that there were 25% and 6% 
decrease in methyl-parathion over a 7 days incubation period in aquatic and soil 
systems, respectively. Based on these results, stability against time was used to 
correct the initial pesticide concentrations. 
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Figure 3.1 (c) shows the GC/MS chromatogram (i) and mass spectrum (ii) of PCP. (iii) 
shows the mass spectrum of the reference compound which shows the greatest 
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Figure 3.1 (d) shows the GC/MS chromatogram (i) and the mass spectrum (ii) of 
methyl-parathion. (iii) shows the mass spectrum of the reference compound which 
shows the greatest similarity to the target mass spectrum in (ii). The retention time of 
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Figure 3.2 Extraction efficiencies of methyl-parathion (a, b) and pentachlorophenol (c, 
d) in water system (a, c) and soil system (b, d) respectively. Experimental conditions: 
pesticides were extracted with hexane shaken at 350 rpm at room temperature in 
darkness. Each data point is represented by the mean 士 standard deviation of five 
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Figure 3.3 Stability of methyl-parathion (a, c) and pentachlorophenol (b，d) with time at 
room temperature in water system (a, b) and soil system (c, d) respectively. Each data 
point is represented by the mean 土 standard deviation of 5 replicates. Ranking is by 
Tukey test at 5% probability. 
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3.5. Effect of sterilization of soil in the removal abilities of pesticides 
In unsterile soil system, higher removal efficiency towards pesticides was not 
observed. The removal of PCP (Figure 3.4 (a)) and methyl-parathion (Figure 3.4 (b)) 
by biodegradation in soil system using SMC showed no significant difference on 
sterilized and unsterile soil. 
3.6. Optimization of removal of pentachlorophenol 
3.6.1. Effect of incubation time 
3.6.1.1. In aquatic system 
Figure 3.5 (a) shows the removal of PCP (100 mg/1) in 10 ml liquid mixture in the 
presence of spent oyster mushroom compost. PCP rapidly reached its maximum total 
removal at about 56.42 土 2.71% within 1 hour. There was no further removal in the 
next 4 days. In this system, biosorption took place rapidly to remove 9.59 士 0.34% 
PCP within the first hour and showed saturation afterwards. The greatest rate of 
biodegradation which contributed to 44.33 土 2.29% removal was also accomplished in 
the first hour and then reached a plateau over the remaining incubation period. 
3.6.1.2. In soil system 
Figure 3.5 (b) shows that there was a maximum removal of PCP at 43.02 土 4.03% by 
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Figure 3.4 The effect of sterilization of soil on the removal of (a) pentachlorophenol 
and (b) methyl-parathion by biodegradation in soil system. Experimental conditions: 
100 mg/kg pesticides were incubated with 0.1 g SMC at room temperature in darkness 
for 2 days. Each data point is represented by the mean 士 standard deviation of five 
replicates. No significant difference is detected in each graph by student t test. . 
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Figure 3.5 The effect of incubation time on the removal of pentachlorophenol in (a) 
water system and (b) soil system. Experimental conditions: 100 mg/1 and 100 mg/kg 
of PCP were incubated with 0.1 g of SMC at room temperature in darkness in water 
and soil system respectively. Each data point is presented by the mean 士 standard 
deviation of five replicates. 
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Further increase in incubation time did not raise the removal efficiency. 
3.6.2. Effect of initial PCP concentrations and amounts of SMC used 
3.6.2.1. In aquatic system 
Removal efficiencies 
Figure 3.6 (a) shows that SMC had the maximum removal at a low initial 
concentration of PCP at 2 mg/1. At this concentration (2 mg/1), the maximum total RE 
attained was 88.9 土 0.4%，including 18.8 士 1.8o/o biosorption (Figure 3.6 (b)) and 70.1 
土 2.2o/o biodegradation (Figure 3.6 (c)) in the presence of 0.25 g SMC. The total 
removal efficiency and removal efficiency by biodegradation reached their maxima 
when 0.25 g and 0.05 g SMC was used respectively. Further increase in the amount of 
SMC showed no improvement in the total removal. However, the removal by 
biosorption was increased by 10% with SMC used from 0.05 g to 0.25 g. Removal by 
biosorption reached a plateau when 0.25 g SMC was used. 
For other initial concentrations ranging from 10-100 mg/1, their curves of the removal 
efficiencies showed a similar pattern as the curve of 2 mg/1. There is a gentle and 
steady increase in the total RE which then reached a plateau when 0.25g SMC was 
used. Also, the higher % of removal by biodegradation was obtained at lower initial 
concentration tested. 
Removal capacities 
Figure 3.7 (a) shows higher removal capacities were attained at higher initial doses 
tested. The maximum total RC occurred at 100 mg/1 initial concentration in the 
presence of 0.025 g SMC was 15.5 士 1.0 mg PCP g"^  SMC. 
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Figure 3.6 The effect of initial PCP concentration and amount of SMC used on the (a) 
total removal efficiency, (b) removal by biosorption and (c) removal by biodegradation 
of PCP in water system. Experimental conditions: samples are incubated at room 
temperature for 2 days in darkness and shaken at 250 rpm. Each data point is 
represented by the mean 士 standard deviation of 5 replicates. 
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Figure 3.7 The effect of initial PCP concentration and amount of SMC used on the (a) 
total removal capacity, (b) removal by biosorption and (c) removal by biodegradation 
of PCP in water system. Experimental conditions: samples are incubated at room 
temperature for 2 days and shaken at 250rpm. Each data point is represented by the 
mean of 士 standard deviation 5 replicates. 
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The amount of PCP removed by biosorption and degradation were 6.7 ± 0.7 mg g] 
(Figure 3.7 (b)) and 8.8 ± 1.0 mg g'^  (Figure. 3.7 (c)) respectively. The optimized 
initial concentration and the amount of SMC used were 100 mg/1 and 0.025 g under the 
experimental conditions mentioned in section 2.9.1 respectively. 
Isotherm plot 
The biosorption kinetics of PCP on SMC was fitted into the Freundlich isotherm 
model (Figure 3.8). The equations of best fit describing the isotherm of PCP and their 
2 9 
R , n and K values are shown in Table 3.6. R of all equations ranged from 
0.9652-0.9853. Values of n were more or less the same. Values of K appeared to be 
constant in the amounts of SMC ranging from 0.1-0.75 g. However, K was nearly 
doubled when 0.05 g SMC was used. 
3.6.2.2. In soil system 
Removal efficiencies 
Figure 3.9 (a) shows that the maximum removal reached its maximum at about 85.4 士 
1.3% with the initial PCP concentration at 20 mg/kg in the presence of 0.75 g SMC. 
At this concentration, there is a rapid removal of PCP by degradation when only 0.05 g 
SMC was used. Further increase of SMC from 0.05 g to 0.75 g (15 fold increase) 
promoted 10% removal in extra. In addition, higher REs by biodegradation were 
attained at lower initial concentrations tested. 
Removal capacities 
Figure 3.9 (b) shows the maximum amount of PCP degraded by SMC in sterile soil 
system was 40 mg PCP g'^  SMC when 2000 mg PCP/kg and 0.025 g SMC were 
applied. 
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Figure 3.8 Freundlich isotherm plots of pentachlorophenol removal by biosorption by 
SMC. 
Table 3.6 The best fit equations for Freundlich isotherm plots of pentachlorophenol 
and the values of R，n and K were shown in below. 
SMC (g) Best fit equation R^^  n'' K " 
0.05 y = L0266X - 2.8904 0.9652 0.97 0.056 
0.1 y = 1.163x- 3.4768 0.9693 0.86 0.031 
0.25 y = L2742X - 3.7767 0.9853 0.78 0.029 
0.5 y = 0.99x- 3.4111 0.9819 1.01 0.033 
0.75 y = 0.9356X - 3.5644 0.9822 1.07 0.028 
a: correlation coefficient 
b: Freundlich constant of adsorption intensity 
c: Freundlich constant of adsorption capacity 
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Figure 3.9 The effect of initial concentration and amount of SMC used on the (a) 
removal efficiency by biodegradation and the (b) degradative capacity (mg/g) of PCP 
in soil system. Experimental conditions: samples were incubated at room temperature 
in darkness for 1 week and shaken at 150 rpm. Each data point is represented by the 
mean 土 standard deviation of 5 replicates. 
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Also, the higher the initial concentration was tested, the greater the RC was obtained. 
3.6.3. Effect of pH 
3.6.3.1. In aquatic system 
Figure 3.10 (a) shows that PCP removal was more or less the same at a wide range of 
initial pHs according to one-way ANOVA test. The final pH of the reaction mixture at 
various initial pHs was measured and was found to be around 6.8. 
3.6.3.2. In soil system 
Figure 3.10(b) demonstrates that there is no relationship between the initial pH values 
of the reaction matrix and the efficiency of removal by biodegradation. A wide range 
of initial pHs resulted in the same removal efficiency. The final pH of the reaction 
matrix measured was around 6.8. Thus, consideration of initial pH in the removal of 
PCP in soil sytem was not needed. This parameter is not tested for another pesticide, 
methyl-parathion, in both systems. 
3.6.4. Effect of incubation temperature 
3.6.4.1. In aquatic system 
PCP degradation in sterile soil did not show any relationship with temperature when it 
ranged from 4 to 50°C (Figure 3.11 (a)). However, the total removal was doubled from 
50 to 100% with a further increase of temperature from 50 to 75°C. All data points 
from 4 to 50°C obtained the same total removal efficiency contributed by the same 
portion of biosorption and biodegradation according to one-way ANOVA test. 
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Figure 3.10 The effect of pH on the removal of PCP in (a) water and (b) soil system. 
Experimental conditions: lOOmg/1 and lOOmg/kg pesticides were incubated with O.lg 
SMC in water and soil system respectively at room temperature in darkness for 2 days. 
Each data point is represented by the mean 士 standard deviation of five replicates. No 
significant difference is detected in each graph by one- way ANOVA. ‘ 
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Figure 3.11 (a) & (b) The effect of incubation temperature on the removal of 
pentachlorophenol in (a) water and (b) soil system. Experimental conditions: 100 mg/1 
and 100 mg/kg PCP was incubated with O.lg SMC for 2 days in darkness. Each data 
point is represented by the mean 土 standard deviation of 5 replicates. 
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Figure 3.11 (c) & (d) Stabilities of pentachlorophenol with temperature in (c) water 
and (d) soil system. Experimental conditions: 100 mg/1 and 100 mg/kg PCP was 
incubated for 2 days in darkness in water and soil system respectively. Each data 
point is represented by the mean 土 standard deviation of 5 replicates. 
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However, at 75°C the removal of PCP was completed due to the mechanism of 
biodegradation. Figure 3.11 (c) shows the stability of PCP in water system without the 
addition of SMC over the tested temperature range. 
3.6.4.2. In soil system 
PCP degradation in soil system obtained the same pattern as in aquatic system with the 
function of temperature (Figure 3.11 (b)). However, there is a 2.5 fold increase in 
removal with an additional 25°C increase in temperature starting from 50°C. Figure 
3.11 (d) shows the stability of PCP in soil system without the addition of SMC over the 
tested temperature range. 
3.6.5. Potential breakdown intermediates and products 
3.6.5.1. In aquatic system 
The breakdown metabolites found in the supernatant of the reaction mixture and in the 
SMC biomass are shown in Figures 3.12 (a) and 3.12 (b) respectively. They were 
quantified and putatively identified by GC/MS. From Figure 3.12 (a), there is a rapid 
decline (87.0 ± 0.9%) of the parental compound PCP in supernatant of the reaction 
mixture over a 2 hour incubation time. On the other hand, butylated hydrotoluene was 
detected at 15 minutes. Its amount accumulated and reached a maximum at 45 min 
and then had a reduction over the remaining incubation period. 
From Figure 3.12 (b), all breakdown intermediates occurred at 15 and 30 min. They 
were all further metabolized and disappeared after 45 min and none of them were 
detected at 120 min. 
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Figure 3.12 (a) & (b) The potential breakdown intermediates and products of 
pentachlorophenol in (a) supernatant and (b) pellet of water system. Experimental 
conditions: 100 mg/1 PCP was used to incubate with 0.1 g SMC at room temperature. 
Each data point is represented by the mean 土 standard deviation of triplicates. 
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Table 3.6 The relative abundance of the putative breakdown intermediates and 
products of pentachlorophenol in supernatant and pellet of water system. 




In supernatant 0 15 30 45 120 
PCP ++++ +++ ++ + + 
Butylated hydrotoluene + ++ +++ ++++ ++ 
In pellet 
Butylated hydrotoluene - + 
Formic acid, ethenyl 
- I • — • 
ester 
Butylated toluene - + ++ _ • 
Diethyl phthalate + - . _ 
Hexadecane - + 
“+’，represents the presence of the breakdown metabolites and the number of + signs 
shows the relative abundance of those metabolites. 
“-“ represents the absence of the breakdown metabolites. “ 
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The parental compound PCP was not found in SMC mass over all incubation period. 
However, its breakdown metabolites were found in SMC mass and putatively 
indentified as follows: butylated hydrotoluene, butylated toluene, formic acid, ethenyl 
ester, diethyl phthalate and hexadecane. Their structures, mass spectra, CAS number 
and the similarity index (SI) when matched with the commercial libraries of GC/MS 
are shown in Figures 3.13 (a)(i) to (v). 
Free inorganic ions were measured by ion chromatography. Figure 3.14 shows the 
increase in chloride ions released in the PCP-treated water system by SMC. The 
amount of CI" released is calculated as follows: 
Initial PCP = (50 mg/1)/ 266.335 = 0.1877mM 
Theoretical maximum production of CI" for PCP used: 
1 mole of PCP generates 5 moles of chloride ions 
Theoretical generation of CI" = 0.1877mM x 50% removal x 5 = 0.4693mM 
Experimental generation of CI" = 0.1124mM 
% of inorganic CI" generation = [0.1142/0.4693] x 100% = 24% 
3.6.5.2. In soil system 
Figure 3.12 (c) shows that 50% of PCP was removed over a 7 day incubation period. 
Two prominent breakdown products namely diethyl-phthalate and octadecanoic acid 
were generated. The long chain alkanoic acid was formed in day 1 and accumulated to 
its maximum in day 4 and then levelled off. It accumulated over the breakdown 
process. Another breakdown intermediate, diethyl phthalate, was formed rapidly in 
day 1 followed with a slight drop in day 4 and then reached a plateau. Their structures, 
mass spectra, CAS numbers and the similarity index (SI) were matched with the 
commercial libraries of GC/MS and were shown in Figure 3.13 (b)(i) to (iii). 
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Figure 3.12 (c) The potential breakdown intermediates and products of 
pentachlorophenol in soil system. Experimental conditions: 100 mg/kg PCP was used 
to incubate with 0.1 g SMC at room temperature. Each data point is represented by 
the mean 土 standard deviation of triplicates. 
Table 3.7 The relative abundance of the potential breakdown intermediates and 
products of pentachlorophenol in soil system. Experimental conditions: 100 mg/kg 
PCP was used to incubate with 0.1 g SMC at room temperature. 
Time (Day) 
0 1 2 4 6 7 
PCP +++ ++ ++ ++ + + 
Diethyl-phthalate - + + + + + + + 
Octadecanoic acid - + + + + + + + + 
“+’，represents the presence of the breakdown metabolites and the number of + signs 
shows the relative abundance of those metabolites. 
“-“ represents the absence of the breakdown metabolites. . 
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' — fR 
57 
'\ 
� 1 o , 190 
1, 80 91 105 115 128 I f 159 丨 
^ . I 丨 ‘，t I »l I I t. 1 lt,\ I . I i I ‘ *•• ' I* 
40 60 80 100 120 140 160 180 200 
: 丁 
41 
1 _ . . . , 丨 ， • ..y T 105_.119 128,, __159 || T 一 
(a)(ii) Butylated hydrotoluene, CAS no.: 1138-52-9 
SI: 91 
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Figure 3.13 (a )(i) to (iii) The mass spectra of potential breakdown products of PCP in 
water system. The upper spectrum represents the target compound and the lower 
spectrum corresponds to the reference compound that shows the greatest SI to the 
target compound. *SI stands for similarity index, which shows the degree of similarity 
of the target mass spectrum to that of the reference spectrum found in the library of 
GC/MS. 
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(a)(iv) Hexadecane, CAS no.: 544-76-3 
SI: 93 
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Figure 3.13 (a)(iv) to (v) The mass spectra of potential breakdown products of PCP in 
water system. The upper spectrum represents the target compound and the lower 
spectrum corresponds to the reference compound that shows greatest SI to the target 
compound. SI stands for similarity index, which shows the degree of similarity of the 
target mass spectrum to that of the reference spectrum found in the library of GC/MS. 
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(b)(i) octadecanoic acid, CAS no: 112-61-8 
SI: 95 
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Figure 3.13 (b)(i) to (ii) The mass spectrum of potential breakdown products of 
PCP in soil system. The upper spectrum represents the target compound and the 
lower spectrum corresponds to the reference compound that shows greatest SI to 
the target compound. SI stands for similarity index, which shows the degree of 
similarity of the target mass spectrum to that of the reference spectrum found in the 
library of GC/MS. 
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Figure 3.14 The increase of free inorganic chloride ions of pentachlorophenol in water 
system after the bioremediation process with SMC. Experimental conditions: 50 mg/1 
PCP was used to incubate with 0.1 g SMC at room temperature in darkness. Each data 
point is represented by the mean 土 standard deviation of 5 replicates. 
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3.7. Microtox® Aassay 
3.7.1. In aquatic system 
Figure 3.15(a) shows the IC50 of the reaction mixture before (PCP only) and after the 
treatment (PCP+SMC). The IC50S obtained from SMC supernatant and SMC biomass 
without the addition of PCP served as the reference points. The IC50 value obtained 
from the test corresponds to the concentration of the sample that gives 50% inhibition 
in luminescence in comparison to the diluent. Before treatment, the IC50 of PCP in 
water system was found to be 0.05%, the IC50S after treatment was improved to 12% 
in SMC supernatant (240 fold increase) and 20% in SMC biomass (400 fold increase) 
respectively. The IC50S measured at 5 min and 15 min were found to be of no 
significant difference. Under the experimental conditions mentioned in Figure 3.15, 
PCP was completely removed at 75°C and its major breakdown metabolites formed 
after the treatment with SMC were as follows: 
In supernatant : butylated hydrotoluene, 4-ethoxy-benzoic acid, ethyl 
ester and tridecane. 
In pellet : butylated hydrotoluene, tetradecanoic acid and decane. 
3.7.2. In soil system 
Figure 3.15 (b) demonstrates the toxicity level of PCP in soil system before (PCP in 
soil) and after the treatment (PCP + soil + SMC) in terms oflCso. The SMC in soil 
tested served as a reference point. The IC50 of PCP in soil system recovered was 6 % . 
After treatment, the IC50 was improved to 36% ( 6 fold increase). The IC50S measured 
at 5 min and 15 min were found to be of no significant difference. 
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Figure 3.15 (a) The Microtox® assay of pentachlorophenol in water system. 
Experimental conditions: 0.1 g SMC was used to incubate with 100 mg/1 pesticides. 
Samples were incubated for 2 days at 75°C in darkness. PCP was completely removed 
in the aquatic system under the above conditions. Each data point is represented by the 
mean 土 standard deviation of 5 replicates. 
Table 3.8 The breakdown intermediates and products of PCP in both supernatant and 
the SMC biomass of the reaction mixture in aquatic system at 75°C. These compounds 
correspond to those of Figure 3.15(a). 
Poo丨 Metabolites detected 
SMC supernatant Butylated hydrotoluene 
4-ethoxy-benzoicacid, ethyl ester 
tridecane 
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Figure 3.15 (b) The Microtox® assay of pentachlorophenol in soil system. 
Experimental conditions: 0.1 g SMC was used to incubate with 100 mg/kg pesticides. 
Samples were incubated for 2 days at 75°C in darkness. PCP was completely removed 
in the soil system under the above conditions. Each data point is represented by the 
mean 土 standard deviation of 5 replicates. 
Table 3.9 The breakdown intermediates and products of PCP after treatment with SMC 







Under the experimental conditions as mentioned in Figure 3.15，PCP completely 
disappeared and its major breakdown metabolites generated were: short chain alkanes 
such as tridecane (13C), hexadecane (16C) and heptadecane (17C) as well as 
octadecanoic acid. 
3.8. Optimization of removal of methyl-parathion 
3.8.1. Effect of incubation time 
3.8.1.1. In aquatic system 
Figure 3.16 (a) demonstrates that the removal of methyl-parathion occurred in a 
two-stage process. In the first stage, total removal was rapid and 86.33 土 3.02% of it 
was removed. This stage lasted 4 hours. The second stage was characterized by a 
slow disappearance of the remaining 13.7% leading to complete removal at 24 hours. 
The removal by biosorption reached its maximum of 15.54 土 2.62o/o at 16 hours and 
then attained a plateau. The methyl-parathion residues that found on SMC would 
further be degraded as time passed on. 39.89 士 3.03% of methyl-parathion was 
removed by biodegradation within a very short time (4 hours) and the remaining 60.11 
士 1.37°/0 required additional 3 days to achieve a complete degradation. In addition, 
biodegradation is the major mechanism (>95%) which contributed to the complete 
removal over the 4 days incubation period. 
3.8.1.2. In soil system 
Figure 3.16 (b) shows that methyl-parathion was degraded by 62.1 土 2.0% within 2 
days. The greatest rate of biodegradation was achieved in day 2 and then levelled off-
over a week of incubation time. 
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Figure 3.16 The effect of incubation time on the removal of methyl-parathion in (a) 
water and (b) soil system. Experimental conditions: 100 mg/1 and 100 mg/kg 
methyl-parathion was used to incubate with 0.1 g SMC at room temperature in 
darkness. Each data point is represented by the mean 土 standard deviation of 
triplicates. 
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3.8.2. Effect of initial concentration and amount of SMC used 
3.8.2.1. In aquatic system 
Removal efficiencies 
Figure 3.17 (a) shows the complete disappearance of methyl-parathion at different 
concentrations ranging from 10-100 mg/1. Only 0.05 g of SMC was needed to achieve 
100% removal for all tested initial concentrations. Complete removal was also 
obtained with the reduced use of SMC from 0.05 g to 0.025 g at 100 mg/1 initial 
concentration. 
Figure 3.17 (b) shows that biosorption attributed to about 10.6 土 0.2 - 27.2 土 3.6% 
removal at different concentrations. At concentrations ranging from 50-100 mg/1, a 
slight increase in biosorption was observed with the increase of SMC from 0.025 -0.25 
g (10 fold increase). Afterwards, a plateau was attained. At lower concentrations 
ranged from 10-25 mg/1, 0.05 g SMC yielded the maximum biosorption and after 
which saturation was observed. 
Figure 3.17 (c) demonstrates that the maximum removal by biodegradation occurred 
when the smallest amount of SMC was used (0.025 g SMC for 100 mg/1 and 0.5 g 
SMC for other concentrations). Biodegradation accounted for 72.76 土 3.57 to 89.36 土 
0.24% removal at different concentrations. The higher removal by biodegradation was 
obtained with the lower initial concentrations tested. For lower concentrations ranging 
from 10-25 mg/1, removal by biodegradation first reached its maximum, and then 
levelled off with the increase in SMC mass. For higher concentrations ranging from 
50-100 mg/1, removal by biodegradation first reached its maximum followed by a 
slight drop before reaching the plateau. 
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Figure 3.17 The effect of initial methyl-parathion concentration and amount of SMC 
used on the (a) total removal efficiency, (b) removal by biosorption and (c) removal by 
biodegradation of methyl-parathion in water system. Experimental conditions: 
samples are incubated at room temperature in darkness for 2 days and shaken at 250 
rpm. Each data point is represented by the mean 士 standard deviation of 5 replicates. 
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Removal capacities 
Figure 3.18 (a) shows that incubating 0.025 g SMC at 100 mg/1 initial concentration 
yielded the maximum total removal capacity of 32.6 土 0.00 mg methyl-parathion / g 
SMC. Its biosorption capacity and biodegradation capacity were 5.1 土 1.3 (Figure 
3.18 (b)) and 27.5 ±1.3 (Figure 3.18 (b)) mg methyl-parathion/ g SMC respectively. 
Higher degradative capacity towards methyl-parathion was observed at higher initial 
concentration tested. 
Isotherm plot 
The isotherm graphical expression is a plot of the methyl-parathion uptaken by the 
biosorbent (SMC) against the residual (equilibrium) methyl-parathion concentration. 
Since all methyl-parathion was completely removed at all initial concentrations, the 
equilibrium concentration will be zero. Since In 0 is undefined, the isotherm plot of 
methyl-parathion cannot be constructed. 
3.8.2.2. In soil system 
Removal efficiencies 
Figure 3.19 (a) shows that methyl-parathion was completely degraded at lower 
concentrations of 20 and 50 mg/kg in the presence of 0.05 g SMC. The degradation 
pattern for higher concentrations ranging from 100-2000 mg/kg showed slight 
difference and their removals were promoted with further increase of SMC followed 
by reaching their maxima when 0.75 g SMC was used. Increase the initial 
concentration for 100 fold (from 20 to 2000 mg/kg) only led to 3.3 fold decrease (from 
100 to 30 %) in removal (Figure 3.19 (a)). 
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Figure 3.18 The effect of initial methyl-parathion concentration and amount of SMC 
used on the (a) total removal capacity, (b) removal capacity by biosorption and (c) 
removal capacity by biodegradation of methyl-parathion in water system. 
Experimental conditions: samples were incubated at room 
temperature for 2 days and shaken at 250 rpm. Each data point is represented by the 
mean 士 standard deviation of 5 replicates. 
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Figure 3.19 The effect of initial concentration and amount of SMC used on the (a) 
removal efficiency by biodegradation and (b) removal capacity by biodegradation of 
methyl-parathion in soil system. Experimental conditions: samples were incubated at 
room temperature in darkness for 1 week. Each data point is represented by the mean 
土 standard deviation of 5 replicates. 
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Removal capacities 
Figure 3.19(b) shows the greatest degradative capacity occurred under the conditions 
of initial concentration at 2000 mg/kg with 0.025 g SMC used. The maximum 
removal capacity by biodegradation was 17.9 土 2.0 mg methyl-parathion /g SMC. 
3.8.3. Effect of incubation temperature 
3.8.3.1. In aquatic system 
Figure 3.20 (a) shows that the removal of methyl-parathion increased with temperature 
and maximum disappearance occurred at 25°C. There is a 3 fold increase in total 
removal when temperature was raised from 4-25°C. A complete removal of 
methyl-parathion appeared at 25°C, including 78.61 土 4.19o/o biodegradation and 
16.43 土 3.22yo biosorption. With further increase of temperature from 25-37°C, the 
portion removed by sorption was further degraded and complete degradation was 
achieved. Figure 3.20 (c) shows the stability of methyl-parathion in water system with 
the variation of incubation temperature without the addition of SMC. 
3.8.3.2. In soil system 
Figure 3.20 (b) shows that higher temperatures (37-75�C) demonstrate a more 
effective removal of methyl-parathion compared with lower temperatures (4-25°C). 
There is a 30% increase in removal when the temperature was raised from 4 to 15°C 
(1.6% increase in removal /°C), and a further 60% increase in RE was observed when 
the temperature was increased from 25-75�C (1.2% increase in removal 广C). The 
rates of removal increased in a direct relationship with temperature, and complete 
removal of methyl-parathion occurred at 75�C. Figure 3.20 (d) shows the stability of 
methyl-parathion in soil system against a wide range of temperature without SMC. 
120 
3.8.4. Potential breakdown intermediates and products 
3.8.4,1. In aquatic system 
The degradation process of methyl-parathion and its metabolites formed in SMC 
supernatant are shown in Figures 3.21 (a) & (b). The parental compound 
methyl-parathion was rapidly and completely removed within 24 hours. Two 
intermediates namely 4-ethoxy-benzoic acid, ethyl ester and butylated hydrotoluene 
were detected at 2 hours and 16 hours respectively. They then disappeared over the 
incubation time. Diethyl phthalate appeared to be the dead-end product whose amount 
remained the same throughout the incubation period. Long chain alkanes such as 
hexadecane were formed and accumulated to their maximum at 4 hours and followed 
with a decline in amount. Figure 3.22 (a) (i) to (iv) shows the structures of the 
breakdown products, their mass spectra and the similarity index. 
Figures 3.21 (c) & (d) show the breakdown metabolites of methyl-parathion found in 
SMC biomass. Methyl-parathion first accumulated then reached a plateau over the 
incubation period. The major breakdown product, diethyl phthalate, was generated 
and accumulated throughout the breakdown process. The breakdown intermediate, 
4-ethoxy-benzoic acid, was recorded at 2 hours which then disappeared and cannot be 
detected in the biomass anymore. 
Figure 3.23 shows the formation of inorganic metabolites such as nitrate, sulphate and 
phosphate after treatment of methyl-parathion in water system by SMC. 
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Figure 3.20 (a) & (b) The effect of temperature on the removal of methyl-parathion in 
(a) water and (b) soil system. Experimental conditions: 100 mg/1 and 100 mg/kg of 
methyl-parathion was incubated with 0.1 g SMC for 2 days in water and soil system 
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Figure 3.20 (c) & (d) Stability of methyl-parathion with temperature in (c) water and 
(d) soil system. Experimental conditions: samples are incubated for 2 days in darkness. 
Each data point is represented by the mean 土 standard deviation of 5 replicates. 
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The amounts of these anions were monitored by ion chromatography. Their amounts 
released were calculated as follows: 
Initial methyl-parathion = (50mg/l)/ 263.2085= 0.18996 mM 
1 mole of methyl-parathion generates 1 mole of nitrate, 1 mole of phosphate and 1 
mole of sulphate 
Theoretical generation of NO3" or P O , or SCV-
=0.18996mM x 100% removal = 0.18996 mM 
Experimental generation ofN03"= 0.0207 mM 
Experimental generation of P04^'= 0.0498 mM 
Experimental generation of S04 '^ = 0.1063 mM 
% of NO3" generation = [0.0207/0.18996] x 100% = 11% 
% of PO43-generation = [0.0498/0.18996] x 100% = 26% 
% of SO42-generation = [0.1063/0.18996] x 100% = 56% 
% of NO3" formed : % of P O Z formed: % of S04^'formed = 1 : 2 : 5 
3.8.4.2. In soil system 
Figure 3.24 shows a 62.4 土 3.7o/o disappearance of methyl-parathion within 2 days and 
no further removal was noticed over a week incubation time. Three breakdown 
products identified as 7-methyl-1 -undecene, hexadecanoic acid and butylated toluene 
were detected. These breakdown products were synthesized in day 1，then 
accumulated and reached their maxima in day 3. They were all further metabolized, 
decreasing their amount in the reaction matrix over the incubation period. Figure 3.22 
(b)(i) to (iii) shows the structures, mass spectra and their similarity indices of the 
breakdown products. 
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Figure 3.21 (a) & (b) The potential breakdown intermediates and products of 
methyl-parathion in supernatant in aquatic system within (a) the first 4 hours and (b) 
48 hours. Experimental conditions: 100 mg/1 of methyl-parathion was incubated with 
0.1 g SMC at room temperature in darkness. Each data point is represented by the , 




4-ethoxy-benzoic acid, ethyl ester 




w 2.E+07 > 
• H 丁 
tS c c 
巧 l.E+07 - c   
O.E+00 _b - 1 








g 2.E+07 - c 
I T c 
<4 C T / 
« l.E+07 — — — p a a 
0 10 20 30 40 50 
Time (hours) 
Figure 3.21 (c) & (d) The potential breakdown intermediates and products of 
methyl-parathion in SMC biomass in aquatic system within (a) the first 4 hours and (b) 
48 hours. Experimental conditions: 100 mg/1 of methyl-parathion was incubated with 
0.1 g SMC at room temperature in darkness. Each data point is represented by the 
mean 土 standard deviation of triplicates. -
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Table 3.10 The relative abundance of the potential breakdown intermediates and 
products of methyl-parathion in supernatant and SMC biomass in aquatic system 
within 48 hours. Experimental conditions: 100 mg/1 of methyl-parathion was 
incubated with 0.1 g SMC at room temperature in darkness. Number of + signs shows 
the relative abundance of those metabolites. 
Time (hour) 
0 1 2 4 16 24 48 
In Supernatant 
Methyl-parathion ++ + + + + _ _ 
Diethyl-phthalate - + + + + + + + + + + + 
Butylated 
hydrotoluene ‘ ‘ - + - -
4-ethoxy-benzoic 
acid, ethyl ester “ ‘ 
Hexadecane ++ -H- -m- + + + 
In Biomass 
Diethyl-phthalate + + + + ++ +++ 
4-ethoxy-benzoic 
acid, ethyl ester “ + “ 
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(a)(i) 4-ethoxy-benzoic acid, ethyl ester, CAS no.: 23676-09-7 
SI: 91 
‘ ^ 1 
U9 
65 7 
9 3 1 6 6 
1.1,1 I III., V ,„,, I , il, , v?^  , Lm,_L_L ！i_J 
40 60 80 100 120 UO 160 180 200 
m 
« 93 166 
？!_ oL__了fi , ,.l,__！ M L hr I IZ?  





50 “ 76 93 105 
I" k ••Il , hIi , _ , . l I iL ,_,1. ？ , I I _ ^ _丨丨 , ? � , 1 兴 L J 
M 60 ao 100 120 140 160 180 200 220 
Figure 3.22 (a)(i) & (ii) The mass spectra of the potential breakdown products of 
methyl-parathion in water system. The upper spectrum represents the target 
compound and the lower spectrum corresponds to the reference compound that 
shows greatest SI to the target compound. SI stands for similarity index, which 
shows the degree of similarity of the target mass spectrum to that of the reference 
spectrum found in the library of GC/MS. 
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(a)(iii) Butylated hydrotoluene, CAS no. 1138-52-9 
SI: 90 
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(a)(iv) Hexadecane, CAS no. 544-76-3 
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Figure 3.22 (a)(iii) & (iv) The mass spectra of the potential breakdown products of 
methyl-parathion in water system. The upper spectrum represents the target 
compound and the lower spectrum corresponds to the reference compound that 
shows greatest SI to the target compound. *SI stands for similarity index, which 
shows the degree of similarity of the target mass spectrum to that of the reference 
spectrum found in the library of GC/MS. 
129 
(b)(i) Butylated toluene, CAS no.: 1013-60-4 
SI: 81 
.... “——. _ - .! ‘ . ^  . ... •‘ • • *tf.i. , .. • ,. • 
’ _ � 
57 
190 
‘0 60 80 100 120 ‘ 140 160 180 
v ^ ' f 
X__... .1. ..y V ， ..”， C-U ”7 159 || 






I III. . ..li.l 1.1,1,11 ..J. 9,7 . 1” 甲 I 157 171 185 叩甲拜 , 2(0 
50 100 ‘ 150 200 250 
JF—  
87 ^ ^ 
43 
55 
JJ.1丨1.1 i l l �. “ 9,7. ,115 1?9 ”3 171 185 1?9 227 g? � 
• 






j丨丨 i l , ,1�丨,I 丫 ~ J j , , __. 1，々  . 2J0_ 
幼 60 80 100 120 140 160 180 200 一 220 





^ * u i i l o l L _ _ I I . 丄 1 严 1 4 0 1 6 8 
Figure 3.22 (b)(i) to (iii) The mass spectra of the potential breakdown products of 
methyl-parathion in soil system. The upper spectrum represents the target compound 
and the lower spectrum corresponds to the reference compound that shows greatest SI 
to the target compound. SI stands for similarity index, which shows the degree of 
similarity of the target mass spectrum to that of the reference spectrum found in the 
library of GC/MS. 
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Figure 3.23 The increase of nitrate, phosphate and sulphate from methyl-parathion in 
water system after treatment with SMC. Experimental conditions: 50 mg/1 
methyl-parathion was used to incubate with 0.1 g SMC at room temperature in 
darkness. Methyl-parathion is completely removed under the above conditions. Each 
data point is represented by the mean 土 standard deviation of 5 replicates. 
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Figure 3.24 The potential breakdown intermediates and products of methyl-parathion 
in soil system. Experimental conditions: 100 mg/kg of methyl-parathion was used to 
incubate with 0.1 g SMC at room temperature in darkness. Each data point is 
represented by the mean 土 standard deviation of triplicates. 
Table 3.11 The relative abundance of the potential breakdown intermediates and 
products of methyl-parathion in soil system. Experimental conditions: 100 mg/kg of it 
was used to incubate with 0.1 g SMC at room temperature in darkness. Number of + 
signs shows the relative abundance of those metabolites. 
Time (Day) 
0 1 2 3 5 7 
Methyl-parathion ++ + + + + + 
Butylated toluene - ++ +++ +++ +-H- + 
Hexadecanoic acid - + ++ +++ ++ + 
7-methyl-l-decene - ++ ++ +-H- ++ + 
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3.9. Microtox® Assay 
3.9.1. In aquatic system 
Figure 3.25 (a) shows that SMC treatment reduced the toxicity of methyl-parathion in 
water system. The ICsos obtained from SMC supernatant and SMC biomass without 
the addition of methyl-parathion served as reference points. Before treatment, IC50 
obtained from the pure chemical was 0.67%. The overall acute toxicity of the reaction 
mixture decreased more than 35 fold in both SMC supernatant and SMC biomass. The 
IC50S measured at 5 min and 15 min were found to be of no significant difference. 
Under the experimental conditions stated in Figure 3.25, methyl-parathion was 
completely removed and the following breakdown products were identified by 
GC/MS: 
In supernatant : Long chain alkanes such as tridecane, pentadecane and 
4-ethoxy-benzoicacid, ethyl ester. 
In biomass : Butylated hydrotoluene, tetradecane, decane, 
tetradecanoic acid and undecanoic acid 
3.9.2. In soil system 
Figure 3.25 (b) shows that the IC50 of the reaction matrix after treatment process with 
SMC has been improved to the same extent as control where only SMC and soil were 
used as reference. The IC50 of the pure chemical in soil was found to be 7 % and the 
overall toxicity was reduced for more than 8 fold in soil system. The IC50S measured at 
5 min and 15 min were found to be no significant difference. Under the experimental 
conditions mentioned in Figure 3.25, methyl-parathion was completely removed and 
its breakdown products were show as follows: Long chain alkanes such as tridecane, 
1 3 3 
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Figure 3.25 (a) The Microtox® assay of methyl-parathion in water system. 
Experimental conditions: O.lg SMC was used to incubate with lOOmg/1 pesticide. 
Samples were incubated for 2 days at 75°C in darkness. Methyl-parathion was 
completely removed under the above conditions. Each data point is represented by the 
mean 土 standard deviation of 5 replicates. 
Table 3.12 The breakdown intermediates and products of methyl-parathion in both 
supernatant and the SMC biomass of the reaction mixture in aquatic system. These 
compounds correspond to those in Figure 3.25 (a). 
Pool Detected metabolites 
In supernatant Tridecane 
Pentadecane 
4-ethoxy-benzoicacid, ethyl ester 
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Figure 3.25 (b) The Microtox® assay of methyl-parathion in soil system. 
Experimental conditions: O.lg SMC was used to incubate with lOOmg/kg pesticides. 
Samples were incubated for 2 days at in darkness. Methyl-parathion was 
completely removed under the above conditions. Each data point is represented by the 
mean 士 standard deviation of 5 replicates. 
Table 3.13 The breakdown intermediates and products of methyl-parathion in soil 








4.1. Characterization of spent mushroom compost (SMC) and 
soil. 
Table 3.1 shows the result of chemical analysis of SMC. It reveals the high content 
of organic carbon (25.17 土 1.37%) in SMC supporting its use as a soil amendment or 
soil conditioner (Levanon and Danai, 1997). Tables 3.1 to 3.3 show that SMC is 
rich in nitrogen, phosphorus and potassium (NPK) and other ions explaining the high 
conductivity. These nutrients (NPK) make it ideal for its use as an organic fertilizer 
in agriculture such as organic farming (Levanon and Danai, 1997). Table 3.2 shows 
the nutrients such as nitrate and sulphate which leach out from SMC. Their 
contents are below the acceptable values set by the USEPA by 50 and 10 times, 
respectively, when 0.1 g SMC was added in 10 ml water (1% w/v in aqueous system). 
According to the Solid Waste Management Act in the Commonwealth of 
Pennsylvania, U.S. in 1997, the quantity that SMC may be used depends on its 
nutrient levels, heavy metal contents and other undesirable compounds such as 
phytotoxic compounds (Wei et al, 2000). Annually, no more than 6000 cubic yards 
per acre of the sum of SMC can exit at any one time at the site 
(http://www.dep.state.pa.us). Table 3.3 shows heavy metals such as cadmium, lead, 
copper and chromium were undetectable in SMC, and thus it would be safe to use 
SMC in bioremediation. Table 3.4 shows that SMC is comprised of about 25 % 
chitin which is responsible for biosorption. Chitin refers to a polymer of 
N-acetyl-D-glucosamine which is a major component of the fimgal cell wall (Volesky, 
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Figure 4.1 The structure of chitin. 
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The physio-chemical properties of SMC favour its use in bioremediation. SMC has 
an alkaline to neutral pH, a water-holding capacity not causing waterlogging and 
contains nutrients. Their microflora promote soil aggregate formation and SMC 
supports large diverse populations of microbes many of which degrade xenobiotics 
(Fermor et al., 2000). 
Table 3.5 shows the soil collected in CUHK and was categorized as sandy soil and it 
had low content of organic carbon (2.13 土 0.44%). Sandy soil was chosen because 
of its properties, which made it easy to handle and the extraction of its organic 
pollutants more reliable (Andersson and Henrysson, 1996). Since pesticides are 
strongly sorbed (adsorbed or absorbed) by the organic matter of soil (Homsby et al.’ 
1996), low organic carbon content in the batch of sandy soil makes it convenient in 
the research. Figure 4.2 shows the effect of soil matrix on the removal of 
methyl-parathion. Sandy soil collected in CUHK and the soil purchased from USA 
(200 growing medium, Scotts, USA) were used. The purchased peaty soil consisted 
of 50-60% medium grade horticultural vermiculite, 22-32% choice Canadian 
sphagnum peat moss and 12-20% horticultural perlite. Its pH is around 5.2-6.6. 
Figure 4.2 shows the removal of methyl-parathion by both 1% and 5% SMC dropped 
when the peaty soil was used. Crawford and Crawford (1996) observed a higher 
degree of PCP mineralization by inoculating R. chlorophenolicus in sandy soil than 
that in peaty soil. Similarly, my study also shows a higher removal of 
methyl-parathion in sandy soil than that in peaty soil. 
139 
• sandy soil _ peaty soil 
100 p 
c 
. 1 80 -CO 
g T 
I 60 - P ~ 
0 „ 
• 1-H S . O 
^ 40 - — t n 
1 內 
1 20 - B i - a 
0) jmmimmmi 
0 imimmnnmm ^ 丨 
1% SMC 5% SMC 
Different conditions 
Figure 4.2 The removal by biodegradation of methyl-parathion in both sandy soil and 
peaty soil with 1% and 5 % SMC. Experimental conditions: 100 mg/1 of pesticides 
were incubated with 1% and 5% SMC at room temperature for 2 days in darkness. 
Each data point is represented by the mean 土 standard deviation of 5 replicates. 
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4.2. Stability of pesticides against time in aquatic and soil system 
Pentachlorophenol 
Figure 3.2 (b) shows that PCP is very stable along the experimental period in water 
system. In contrast, there was a 12% drop of extractable PCP amount in sterilized 
soil system during the 7 day incubation time (Figure 3.2 (d)). The drop of PCP 
extracted in soil system may be due to the fact that the compound was sorbed by the 
organic matter in soil by a number of attractive forces, such as dipole-dipole, 
dipole-induced dipole and hydrogen bonding (Pignatello & Xing, 1996). The 
bound PCP to the soil makes the compound non-extractable by solvent (Okeke, et al., 
1997). Similarly Edgehill and Fin (1983) observed that about 25-30% of PCP was 
non-extractable in sterile soil after 12 days of incubation. The difference in 
extractable PCP amounts by Edgehill and Fin (1983) and the present study might be 
owing to the soil type. 
Methyl-parathion 
Figure 3.2 (a) and (c) show that there are 25% and 6% drop of methyl-parathion in 
aquatic and soil system over 7 days incubation, respectively. The significant drop 
of it in water system was due to hydrolysis. It is the cleavage of a chemical bond by 
the addition of water. Hydrolysis has been identified as a major transformation 
process for organophosphate and carbamate pesticides (Buyuksonmez et al., 1999). 
The probable reason of the slight drop of it in soil system might be similar to that of 
PCP; soil-sorbed pollutant reduces availability. 
141 
4.3. Effect of sterilization of soil in the removal abilities of 
pesticides 
Figure 3.3 (a) & (b) shows there is no difference in the removal efficiency of PCP 
and methyl-parathion in sterilized and imsterilized soils. Higher removal of 
pesticides in imsterilized soil would be expected as additional loss was due to the 
metabolic activities of the indigenous soil microbial flora (Okeke, et al.，1997). In 
addition, Lang et al. (1998) found the enzyme activity (laccase) in nonsterile soil 
tended to be higher than in sterile soil but the difference was not significant for most 
sampling dates. However, the additional degradation of pesticides by microbial 
action in imsterilized soil was undetectable after 2-day incubation in the case of SMC 
used in this study. 
4.4. Optimizations of removal of pentachlorophenol (PCP) 
4.4.1. Effect of incubation time 
4.4.1.1. In aquatic system 
Figure 3.5 (a) shows the maximum rates of PCP removal occurred within the first 
hour. Such rapid removal of PCP up to 56.42 土 2.71% within such a short time 
was through the action of immobilized enzymes that bound in SMC. The enzymes 
are secreted extracellularly by the mushroom Pleurotus pulmonarius (Lang et al., 
1998). The ability of the extracellular ligninolytic enzymes to metabolize 
chlorophenols and PCP has well been documented (Kang & Stevens, 1994; Okeke et 
aL, 1994,1996; Rajarathnam et al” 1998; Duran & Esposito，2000; Hublik & 
Schinner, 2000). Ligninolytic enzymes such as laccase, lignin peroxidase and 
manganese peroxidase, have been proved to degrade PCP in single or in combination 
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(Mileski et al., 1988; Okeke et al., 1994; Ullah et al.，2000). In our study, the 
removal of PCP was achieved by a combination of biodegradation and biosorption 
processes. The immobilized enzymes account for 44.33 土 2.29o/o biodegradation 
within 1 hour. The SMC biomass which consisted of mushroom hyphae, straw and 
other microbial flora which landed on spent compost during drying is responsible for 
biosorption of PCP. Mushroom hyphae provided a large surface area for adsorption 
and the organic pollutants were incorporated into the cell-wall components such as 
chitin (Lievremont et al.，1996). Sorption of PCP to chitin has also been verified by 
Thomas and Jeuniaux (1997). In addition, PCP would be adsorbed by the cell walls 
and uptaken by other cellular components of the microbial biomass such as bacteria 
which were found on SMC. They all account for 9.59 土 0.43% of biosorption. 
4.4.1.2. In soil system 
Figure 3.5 (b) shows that there is a maximum removal of PCP by biodegradation at 
43.02 土 4.03% after 2 days. SMC contains not only a wide range of extracellular 
enzymes active against wheat straw, but also diverse groups of microorganisms (Ball 
& Jackson，1995). The rapid removal of PCP (30%) within day 1 was mainly due 
to the contribution of immobilized enzymes. The additional 10% removal after day 
1 to day 2 may be due to the action of the SMC microbes that degrade PCP. 
Although the soil used was sterilized by autoclaving, the survival of the heat-resistant 
thermophilic microorganisms in the sterilized soil or microbes in the straw SMC (as 
reported by Semple et al, 1998) may be responsible for metabolizing PCP. 
However, no further removal was observed after 2-day incubation. This reveals that 
PCP or its breakdown products may be too toxic for the microbes and thus the action 
by them was inhibited after day 2. 
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4.4.2. Effect of initial PCP concentrations and amount of SMC used 
4.4.2.1. In aquatic system 
Removal efficiencies 
Figure 3.6 (a) shows SMC had the maximum removal of PCP for 88.9 土 0.4o/o at a 
low concentration of 2 mg/1. Since low pollutant concentrations have been shown 
to prevent end-points being attained (Head, 1998)，a plateau of total removal was 
observed at 88.9% and there was still 10% residual level in the water. It shows 
SMC was able to sorb PCP at low concentration of 2 mg/1 for 18.8 土 1.8% (Figure 
3.6 (b)). Wang (2000) said that the hydrophobic organic pollutants show a high 
tendency to accumulate into microbial cells and thus these biosorbents can be used 
for the removal of very low concentration PCP from wastewater. The 10% increase 
in biosortpion with the increase of SMC used from 0.05 g to 0.25 g at 2 mg/1 PCP 
concentration was due to the increase of binding sites in SMC. However, with 
further increase in SMC used, the binding sites were in excess and thus a plateau at 
18.8 土 1.8o/o was observed. At this concentration, 70.1 土 2.2% removal was 
contributed by biodegradation (Figure 3.6 (c)). 
From Figure 3.6 (a), curves of the removal efficiency of other initial PCP 
concentrations showed similar pattern as the curve of 2 mg/1. The increase in total 
removal efficiencies with the increase in SMC amount was mainly attributed by 
biosorption since biodegradation at different concentrations reached their maxima 
already when the smallest amount of SMC (0.05 g) tested was used (Figure 3.6 (c)). 
It shows the higher the initial concentrations tested; the lower will be the removal by 
biodegradation. Since higher pollutant concentrations have been shown to enhance 
sorption (Divincenzo and Sparks, 1997)，the amount that sorbed to SMC became 
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unavailable for further enzymatic metabolization. 
Removal capacities 
Figure 3.7 (a) which represents the total RC had a similar pattern to that of 
biosorption capacity (Figure 3.7 (b)) and biodegradation capacity (Figure 3.7 (c). 
Figure 3.7 (b) shows the sorbed amount of PCP per gram of SMC decreased sharply 
with the increasing SMC amount at all concentrations. The drop in biosorption 
capacity was due to bindng sites of the SMC remaining unsaturated during the 
adsorption reaction. From Figure 3.7 (c), the decline in biodegradation capacity 
was owing to the excess immobilized enzymes on SMC. As a result, the minimum 
amount of SMC used in order to achieve a maximum total removal of PCP was at 
0.025 g. The Lentinula edodes sawdust SMC removed about 6 mg PCP /g compost 
(Okeke et al.’ 1993). However, the Pleurotus pulmonarius straw SMC used in my 
study removed up to 15.5 ± 1.0 mg PCP /g compost (Figure 3.7 (a)). This Pleurotus 
mushroom SMC functioned at a wide range of PCP concentrations and required only 
2 days to reach its high removal capacity. Apart from L edodes SMC and P. 
pulmonarius SMC, Agaricus bisporus SMC was another compost that was used in 
the removal of PCP and phenolic compounds (Semple and Fermor, 1995, 1997; 
Trejo-Hemandez et al.’ 2001). 
Isotherm plot 
If the sorption removal can be described by a mathematical equation, the removal 
efficiency can be predicted even at an untested concentration. Figure 3.8 shows the 
adsorption isotherm of PCP on SMC can be described by the Freundlich equation. 
The experimental results indicated that the R^  values (0.9693-0.9853) of the best fit 
equations in Freudlich model obtained against different biomass concentrations are 
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very near to 1. The assumptions of this model are that the sorbent surface consists of 
adsorption sites and the adsorption is limited to a monolayer. In addition, 
adsorption energies of all sites are not the same. There is only one species 
adsorbing on the surface, the species adsorbs nondissociatively, and that there are no 
interactions between species on adjacent sites. Freundlich isotherm is used for 
rough heterogeneous surfaces (Masel, 1996). SMC is a very complex biological 
substrate consisted of straw, microbes such as bacteria, fungi and actinomycetes as 
well as mushroom mycelium. SMC surface is rough and heterogeneous. Thus the 
adsorption of PCP to SMC cannot only be limited to monolayer. However, it is true 
that the energy of each binding site is different among one another. One assumption 
is that there should be no interactions between adsorbates on adjacent sites. 
However, there are repulsion between the adjacent negatively charged PCP 
molecules. 
Table 3.6 shows the values of K and n. The constant K is generally indicative of the 
adsorption capacity of the adsorbent and the constant n indicates the adsorption 
intensity (Weber, 1972). In my study, the biomass (SMC) concentration affect the 
constant K when 0.05 g SMC was used and the K appeared to be constant in the 
SMC ranging from 0.1-0.75 g. The observed decrease in K (from 0.056 to 0.031) 
with increasing SMC concentration (from 0.05 g to 0.1 g) may be explained by a 
smaller accessible sorbent surface resulting from cells that are closer to each other at 
high cell density (Brandt et aL, 1997). Another reason was due to binding sites of 
the SMC remaining unsaturated during the adsorption reaction. The biosorption 
process of PCP involves both adsorption by the cell walls and uptake by other 
cellular compounts of the microbial biomass (Wang et aL, 2000). In contrast to the 
results of Wang et al, (2000), Brandt et al. (1997) found that PCP was only adsorbed 
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on the cell wall and sorption equilibrium was normally established in less than 1.5 
mins. The intensity constant n was more or less the same and it was independent of 
the biomass concentration. Based on constant K and n, it can be concluded that the 
biomass concentration influences only the adsorption capacity (K) but not the 
mechanism of adsorption (n) (Brandt et a!., 1997). 
Biosorption is one of the most effective methods in the removal of PCP from water 
and wastewater (Tanjore & Viraraghavan, 1996). Many practical and efficient 
adsorbents such as fly ash, peat, soil, rice bust, activated sludge and wood have been 
examined recently (Tanjore & Viraraghavan, 1996; Wang et al., 2000). The 
abundance of SMC and easy availability of it make it an economical adsorbent for 
removing PCP from aqueous media. Table 4.1 shows the Freundlich isotherm 
constants for different PCP adsorbents. Although activated carbon is the best PCP 
adsorbent and has the highest adsorption capacity K, it is expensive and needs high 
temperature (800�C) to desorb PCP from its surface (Thome & Jeimiaux, 1997). 
However, with the use of SMC, the PCP that sorbed on it will further be degraded 
and post-treatment needs not be carried out. 
4,4.2.2. In soil system 
Removal efficiencies 
Figure 3.9 (a) shows that removal by biodegradation at higher concentration (2000 
mg PCP /kg soil) was 40% lower than that of lower concentration (20 mg PCP/ kg 
soil). Divincenzo and Sparks (1997) found that higher concentrations have been 
shown to enhance sorption to soil. The strong surface adsorption and covalent 
binding to soil constituents result in a decrease in the bioavailability of PCP towards 
the enzymatic metabolization and the degradative microorganisms. 
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Table 4.1 Freundlich isotherm constants for PCP adsorbents. 
Adsorbents K n References 
Activated carbon 0.705 0 25 Thome & Jeuniaux’ 
‘ 1997 
Chitin and chitosan 0.010 1 04 丁home & Jeuniaux, 
‘ 1997 
Mycobacterium chlorophenolicum 0.480 1.37 Brandt et al, 1997 
SMC of Pleurotus pulmonarius 0.056 0.97 This results 
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In consequence, the effectiveness of the treatment was reduced. In addition, the 
high concentration (2000 mg/kg) of PCP may kill many microbes which also hinder 
its removal. 
Removal capacities 
Figure 3.9 (b) shows the maximum amount of PCP degraded by SMC was 39.0 土 7.0 
mg PCP/ g SMC under the conditions of higher concentration (2000 mg/kg) in the 
presence of 0.025g SMC. Under this conditions, 5.46 士 0.12 % of the PCP was 
sorbed by the autoclaved SMC. Since the immobilized enzymes on SMC was 
denatured by autoclaving and thus the removal of PCP was only due to biosorption 
by SMC and it only contributes to a small portion in the treatment and thus can be 
ignored. Chiu et al. (1998) found that many fungal strains can only tolerate up to 
25 mg/1 concentration of PCP and van Agteren et al (1998) found that many 
bacterial species can tolerate up to 135 mg/1. As a result, the immobilized enzymes 
on SMC take a very important role in degradation whenever the concentrations of the 
organic pollutants are high as most microorganisms cannot withstand such high 
concentration. 
4.4.3. Effect of pH 
4.4.3.1. In aquatic system 
According to Wang et al (2000), the overall surface charges on the cells became 
negative as pH increases and this leads to a lower electrostatic attraction between 
negatively charged PCP and the binding sites of the biomass surface. Thus, 
removal by biosorption was decreased. According to Okeke et al. (1994), low pH 
stimulated the fungal growth and this led to marked increase in PCP elimination. 
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However, Figure 3.10 (a) shows initial pHs have no effect on total PCP removal, 
biosorption and biodegradation. To trace what has happened, the final pH of all 
reactions were determined. It is found that final pHs of the reaction mixtures was 
around 6.8. Thus SMC must have a great pH buffering capacity. During the 
preparation of SMC, lime (calcium carbonate) was added to straw before 
fermentation. The lime in SMC acts as a buffer and helps resist the pH change in 
the treatment. SMC contains high concentrations of ions and thus these ions will 
be released out and neutralize the acids or alkali present in the medium. The 
buffering ability of SMC is a very important feature for acting as a bioremediation 
agent as it can provide an optimum pH for the microbes and enzymes to carry out 
their degradation. 
4.4.3.2. In soil system 
SMC has a great pH buffering capacity which also applies in soil system. Thus, 
Figure 3.10 (b) shows a wide range of initial pHs resulted in the same removal and 
the same final pH (6.8) was obtained in the reaction matrix. This pH buffering 
capacity is advantageous to real application in bioremediation of contaminated soil. 
4.4.4. Effect of incubation temperature 
4.4.4.1. In aquatic sysem 
Figure 3.11 (a) shows that PCP removal is in a two-stage process. The first stage of 
removal of PCP is insensitive to the change of temperature while the second stage 
shows an increase in removal at the increasing raise in temperature. It reveals that 
the degradation of PCP may be due to the action by multiple enzymes. Tsang 
(personal communication) detected lignin-degrading enzymes, namely manganese 
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peroxidase and laccase (phenol oxidase), recovered from the spent Pleurotus 
pulmonarius mushroom compost. The immobilized enzymes found on SMC were 
secreted by the mushroom P. pulmonarius. Camarero et al. (1996) found that fungi 
Pleurotus pulmonarius produced extracellular enzymes laccase and manganese 
peroxidase. Ball & Jackson (1995) and Trejo-Hemandez et al. (2001) find that the 
spent Agaricus bisporus compost contains xylan-degrading enzymes, 
cellulose-degrading enzymes as well as lignin-degrading enzymes such as peroxidase 
and phenol oxidase (laccase). According to Hublik & Schinner (2000), the 
maximum activity of laccase from Pleurotus ostreatus reached 50°C and its activity 
dropped to zero at 70°C. Since the functioning temperature of laccase ranged from 
0-65T, thus the 50% PCP removal at temperatures ranging from 4-50°C was 
suggested to be contributed by laccase. Figure 3.11 (a) shows the complete removal 
of PCP appeared at 75°C instead of 50°C. It reveals that another enzyme was 
reponsible for the additional elimination of the remaining 50% PCP. Accordng to 
Tsang (personal communication), maximum activity of manganese peroxidase was at 
75-80°C. Since the maximum removal of PCP was observed at 75°C, manganese 
peroxidase was suggested to be responsible for the removal of PCP at higher 
temperature. At 75°C, the removal was completed due to biodegradation. These 
two enzymes contribute to the complete degradation at their own optimal 
temperatures. Ball and Jackson (1995) found that the enzyme activity of the 
compost extract was stable up to 75°C. The activity and stability of the enzyme 
cocktails from the SMC make it useful over a broad temperature range. Purified 
laccase or manganese peroxidase alone can degrade PCP (Bockle et al” 1999; Ullah 
et al, 2000). 
151 
4.4.4.2. In soil system 
Figure 3.11 (b) shows the removal pattern of PCP in soil system. This was very 
similar to that in aquatic system with the change in temperature. Thus two enzymes 
namely laccase and manganese peroxidase were suggested to be responsible for PCP 
degradation in soil system as well as in aquatic system. The soil system contained 
60% moisture where the SMC enzymes diffuse and spread onto soil particles to 
degrade the soil-sorbed PCP. 
4.4.5. Potential breakdown intermediates and products 
4.4.5.1. In aquatic system 
The study of the breakdown process of PCP is essential since the biotransformation 
products generated in the degradation process can be more toxic than its parent 
compound. The quality of the transformation products was therefore analysed by 
GC/MS and IC (Oekek et al, 1994; Laine & Jorgensen, 1996). Figure 3.12 (a) 
shows that there is a rapid drop of PCP (87%) with the formation of butylated 
hydrotoluene in the supernatant of the reaction mixture by GC/MS. Figure 3.12 (b) 
shows the metabolites which are found on SMC biomass are butylated hydrotoluene, 
formic acid, ethenyl ester, butylated toluene, hexadecane and diethyl phthlate. 
After 2 hours, these products and PCP were not found in pellet and the content of 
butylated hydrotoluene in supernatant dropped. Thus all these compounds could be 
regarded as breakdown intermediates. According to the molecular structures of 
these compounds, a proposed breakdown pathway is shown in Figure 4.3. PCP had 
first undergone dechlorination to form tetrachlorophenol and trichlorophenol. 
Dechlorination is confimed by ion chromatography for the determination of CI" in the 
supernatant. Ullah et al (2000) found that no free chloride was released in the 
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reaction of PCP with laccase which is purified from Coriolus versicolor. In 
contrast to Ullah (2000), results in section 3.6.5.1 show that 24 % of free CI" was 
generated from the theoretical maxium CI" produced from PCP used. Manganese 
peroxidase (MnP) and laccase are now known to catalyze oxidative dechlorinations 
more efficiently than lignin peroxidase (LiP) (Roy-Arcand and Archibald, 1991). 
After dechlorination, PCP was further metabolized via two breakdown pathways: 
methylation and carboxylation. For the route by methylation, phenol, which is the 
breakdown intermediate, is methylated to form methylated phenol and methylated 
benzene in consequence. Both methylation and hydroxylation are commonly 
employed for transforming PCP with the enhanced production of fatty acids and 
dicarboxylic acids by most of the tested fungi, suggesting the possible involvement 
of a cytochrome P450 system (Van den Brink et al., 1998). Okeke et al. (1993 & 
1994) found that transformation of PCP to pentachloroanisole (methylated products) 
is an important route of PCP depletion during the early stages of PCP 
biotransformation by L edodes. Guo (1990) & Mileski et al. (1988) found that 
Phanerochaete chrysosporium also has the ability to transform PCP to its methylated 
products pentachloroanisole. However, the breakdown mechanism of PCP by the P. 
pulmonarius SMC was different from that of the other fungi such as L edodes and P. 
chroysospohum. Table 4.1 shows the distribution of extracellular enzymes in the 
white rot species such as P. chrysosporium, L edodes, and P. pulmonarius. The 
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Figure 4.3 A proposed breakdown pathway of PCP by spent P. pulmonarius compost. 
154 
For another pathway, phenol was carboxylated to form diethyl phthlate, 
4-ethoxy-benzoic acids and its derivatives. All the aromatic breakdown 
intermediates generated via both pathways (methylation and carboxylation) would 
ftirther undergo oxidation and ring cleavage to form aliphatic carboxylic acids and 
ester (e.g. octadecanoic acid and formic acid, ethenyl ester). The short chain linear 
compound (formic aicd, ethenyl ester with 3C) would undergo polymerization to 
form long chain compound (octadecanoic acids with 19C). Hublik and Schinner 
(2000) reported that the oxidation of substrates by laccase finally leads to the 
polymerization of the products through oxidative coupling. Products of oxidative 
coupling reactions resulted from C-0 and C-C coupling of phenolic reactants. This 
reaction is generally seen as a detoxification of phenolic contaminants (Dec & Bollag， 
1990). • 
One emerging and very promising technology, based on the total oxidation of the 
hazardous organic compounds, is the use of advanced oxidation process (AOPs), 
Among the AOPs, the use of the photocatalyst TiO: to destroy organic contaminatns 
has been investigated in more detail during the past decade (Jardim et al” 1996; 
Puplampu and Dodoo, 2000; Peiro et al., 2001). This method is called 
photocatalytic oxidatoin (PCO). Puplampu and Dodoo (2000) reported that 
chloride ions are formed in PCP photochemical mineralization in aqueous medium. 
Jardim et aL (1996) reported the principal intermediates observed during 
photocatalytic oxidation process of PCP to be 2,3,5,6,-tetrachloro-l,4-hydroquinone, 
2,3,5,6,-tetrachloro-l,4,-benzoquinone and 2,3,5,6-tetrachlorophenol. These 
chlorinated compounds detected reveal that dechlorination was involved in PCO 
process. Similary, PCP degradation by SMC was also initiated by dechlorination. 
In the PCO process, hydroxyl radicals OH*, superoxide and other highly oxidant 
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species (peroxide radicals) were involved in the bond cleavage (Sanjuan et al., 2000; 
Konstantinou et al.，2001). The reaction of these radicals with organic substrates on 
the Ti02 surface was shown in Figure 4.4 (Konstantinou et al., 2001). In fungal 
system, e.g. white rot fungi, lignin degradation was an oxidative process which 
involves one or more active oxygen species such as hydrogen peroxide, superoxide, 
superoxide anion radical, singlet oxygen and hydroxyl radicals (Bumpus, 1998). In 
addition, the natural product, veratry alcohol, that produced by white rot fungi 
undergoes a one-electron oxidation mediated by lignin peroxidase (LiP) forming the 
veratryl alcohol cation radicals (Schoemaker et al., 1985) (Figure 1.5). 
These radicals generated can carry out a variety of reactions, including benzylic 
alcohol oxidation, carbon-carbon bond cleavage, hydroxylation, phenol 
dimerization/polymerization and demethylation (Pointing, 2001). Kapich et al. 
(1999) reported the combination of manganese peroxidase/Mn^^/linoleic acid is one 
of the peroxyl radical-generating systems. Laccase also generates radicals from a 
low molecular mass redox mediator in a H202-independent reaction (Tanaka et al., 
1998; Pointing, 2001). Thus, the breakdown of organopollutants by free radicals is 
involved in both photocatalytic degradation and enzymatic system in SMC. The 
advantages of involvement of free radicals are: 1) they are able to oxidize the 
pollutants due to their high oxidative capacity (Konstantinou et al, 2001). 2) They 
are non-selective to attack different bonds. 3) Enzymes of large size may not 
penetrate into the potential sites of substrate. Only if the enzymatic system employs 
a small, diffusible radical as the proximal oxidant, the substrate is attacked and 
degraded (Kapich et al., 1999). 
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Ti02 + hv — e-+ h+ (1) 
(02)ads. + e - - > ( 0 2 - )ads (2) 
Ti(IV)-OH + h+ ->Ti(IV)-OH' (3) 
Ti(IV)-H20 + h+ — Ti(IV)-OH' + H+ (4) 
R + h + 4 R (oxidized) (5) 
R + OH* -> products (6) 
(1) The conduction band electrons (e") and valence band holes (h+) are 
generated when aqueous TiO: suspension is irradiated with light 
energy greater than its band gap energy (e.g. 3.2eV). 
(2) The photogenerated electrons could reduce the organic substrate or 
react with the adsorbed molecular O2 on the Ti(III) surface reducing 
it to superoxide radical anion O2'". 
(3,4) The photogenerated holes can also oxidize either the organic 
molecules directly or the OH" ions and the H2O molecules adsorbed 
at the Ti02 surface to OH* radicals. 
(5,6) Together with other highly oxidant species (peroxide radicals), they 
are reported to be responsible for the heterogeneous TiO� 
photodecomposition of organic substrates. 
Figure 4.4 The reactions of radicals and organic substrates at the Ti02 surface in 
photocatalytic oxidation (PCO) process (Konstantinou et al, 2001). 
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4.4.4.2. In soil system 
The prominent breakdown products of PCP in soil system are namely, 
diethyl-phthalate, octadecanoic acid and its derivatives (Figure 3.13 (b)). These 
products are esters and fatty acids/carboxylic acids. Diethyl-phthlate showed a 
decreasing trend and thus it was an intermediate while octadecanoic acid (fatty acids) 
accumulated and stabilized. Figure 3.13 (b) shows that the drop of parental 
compound PCP in day 1 was correlated to the formation of diethyl-phthalate. 
However, further decrease in PCP has no direct relationship with the formation of 
diethyl-phthlate. Figure 4.4 shows the proposed breakdown pathway of PCP. One 
of its intermediates, phenol, may undergo either carboxylation to form 
diethyl-phthlate or methylation to form butylated aromatic compounds. These 
pathways explain why the further drop in PCP was not related to the formation of 
diethyl-pathlate as methylation seems to be the dominant pathway at the later time of 
PCP transformation. As a result, these methylated products will undergo oxidation 
to form octadecanoic acid and so this fatty acid will accumulate and stabilized when 
the amount of PCP is declining. 
Van Agteren et al (1998) found that the chlorinated metabolites such as tetra-, tri-, 
dichlorohydroquinone as well as tetra-, tri-, dichlorophenol were formed in the 
breakdown pathway of PCP by the bacteria in aerobic conditions. The PCP 
degrading bacteria include Mycobacterium chlorophenolicum and Sphingomonas 
chlorophenolicum. As GC/MS failed to detect any chlorinated compounds other 
than PCP from day 1 onwards, dechlorination by SMC has completed within the first 
day. Since these metabolites were also found in both soil and aquatic system, 
similar degradation pathways had occurred. 
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4.5. Microtox® Assay 
4.5.1. In aquatic system 
Toxicity tests allow the analysis of overall toxicity in the reaction mixture. 
Figure 3.15 (a) shows the overall acute toxicity from both SMC supernatant and 
pellet decreased after the bioremediation process with SMC in water system. 
However, there was still room for improvement when compared to the reference IC50 
of their controls. In the sample studied, complete detoxification was not observed 
even when the parental compound PCP was completely removed. It was owing to 
the presence of breakdown products. The butylated hydrotoluene (oral rat LD50： 
890 mg/kg) was detected in both SMC supernatant and pellet by GC/MS and the 
incomplete detoxification may be due to the presence of the phenolic compound in 
the system. The differences in toxicity of SMC supernatant and pellet after 
treatment could be due to the presence of different breakdown products. The 
presence of both 4-ethoxy-benzoic acid and its derivatives (oral rat LD50： 2100 
mg/kg) as well as tridecane in in the supernatant may contribute higher toxicity to the 
system than those of fatty acid (tetradecanoic acid, oral mouse LD50： 100,000 mg/kg) 
and linear alkane (decane) that found in the pellet. Table 4.2 shows the oral rat 
LD50 and intravenous mouse LD50 of PCP and its breakdown products. All data are 
obtained from the Material Safety Data Sheet (MSDS) at Vermont SIRI MSDS 
Archive - Site One (see website: http://siri.uvm.edu/msds/). For those compounds 
whose oral rat LD50 cannot be obtained, intravenous mouse LD50 would be collected 
for comparison. 
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4.4.4.2. In soil system 
The I C 5 0 of PCP that spiked in soil ( 6 % ) was higher than that in water system 
(0.05%). Figure 3.15 (b) shows the decreased toxicity of PCP in soil system after 
the treatment. Incomplete detoxification was observed even when PCP was 
completely eliminated. Although the magnitude of improvement with SMC in soil 
system (6 fold increase) was lower than that in water system (240 fold increase in 
SMC supernatant and 400 fold increase in pellet), the IC50 in soil system after 
treatment was very close to the reference value of its control. This could be 
accounted by the absence of any harmful metabolites such as butylated hydrotoluene 
in soil system. The toxicities of PCP and its breakdown products individually are 
shown in Table 4.2. In conclusion, bioremedition process of PCP in soil system 
would be more effective than in water system. In aquatic system, the SMC 
enzymes were diluted by the water medium. In soil system, the SMC enzymes 
diffused to the water film coating the soil particles, enhancing a good contact with 
organopollutant contaminated soil particles. 
160 
Table 4.2 The oral rat LDsoand intravenous mouse LD50 of PCP and its breakdown 
products. All data are obtained from the Material Safety Data Sheet (MSDS) at 
Vermont SIR! MSDS Archive - Site One (see website: http://siri.uvm.edu/msds/). 
L D 5 0 of Oral Rat L D 5 0 of Intravenous 
(mg/kg) Mouse (mg/kg) 
Parental compound 
PCP 27-36 -
Breakdown intermediates/ products of 
PCP in aquatic system (at 25"C and 75"C) 
Butylated hydrotoluene屯b 890 180 
Butylated toluene^ - . 
4-ethoxy-benzoic acids, ethyl ester^ '^  2100 -
Diethyl phthlate^ 8600 -
Tridecane'' . 1161 
Decaneb _ 912 
Hexadecane^ _ 9821 
Tetradecanoic acids'' 10000 -
Formic acids and its derivatives^ 1100 -
Breakdown intermediates /products of 
PCP in soil system (at 25°C and 75"C) 
Tridecane^ - 1161 
Hexadecane^ _ 9821 
Heptadecane'' _ 9821 
Octadecanoic acid幼 4549 _ 
Diethyl phthlate^ 8600 -
a The breakdown intermediates/products generated at 25°C. 
b The breakdown intermediates/products generated at 75�C. " 
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4.6. Removal of PCP by the aqueous extract of SMC 
SMC was simply extracted with ultra pure water by shaking at 250 rpm for 1 hour at 
25 or 75�C. After removing the SMC by centriftigation at 5000 g, the supernatant 
prepared was used as the extract. This aqueous extract was used as the source of 
crude enzymes for oxidation of phenolic compounds. Trejo-Hemandez et al. (2001) 
also used aqueous extract of SMC of Agaricus to remove phenolic and polyphenolic 
compounds. Figure 4.5 shows the difference in removal of PCP using extractable 
enzymes prepared from SMC and the SMC as a whole at two temperatures. Figure 
4.5 (b) shows that the additional removal (20%) of PCP was observed at 25�C when 
crude enzymes extracted from SMC were used. The higher removal might be 
accounted for the better contact between the pollutant and the soluble enzymes 
and/or the avoidance of sorption removal by solid SMC. There was a complete 
disappearence of PCP at 75°C when SMC was used. However, the removal by the 
extract was 20% less. The lower removal might be due to: 1) only water soluble 
enzymes was participating in the degradation process when extract was used; 2) the 
contribution by the additional water insoluble enzymes that are present in SMC was 
not encountered and 3) the SMC solid mass might offer higher stabilities to the 
immobilized enzymes. Figure 4.5 (d) shows that the removal pattern of PCP in soil 
system was similar to that in aquatic system. 
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Figure 4.5 The removal by biodegradation using water-extractable enzymes from 
SMC and SMC at different temperature of (a, c) methyl-parathion and (b, d) 
pentachlorophenol in water (a, b) and soil system (c, d) respectively. Experimental 
conditions: 0.1 g soild SMC or crude enzymes prepared from 0.1 g SMC was 
incubated with 100 mg/1 and 100 mg/kg pesticides in water and soil system 
respectively and the whole set-up was incubated for 2 days. Each data point is 
represented by the mean 土 standard deviation of 5 replicates. 
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4.7. Optimization of removal of methyl-parathion 
4.7.1. Effect of incubation time 
4.7.1.1 In aquatic system 
Figure 3.16(a) shows that the two-stage elimination of methyl-parathion is due to the 
action by both immobilized enzymes and enzyme induction. The rapid degradation 
(39.89 士 3.03%) in the first stage within 2 hours was caused by the existing 
immobilized enzymes. The slow and steady removal for the remaining 60.11 土 
1.370/0 was due to enzyme induction within 3 days. The immediate action by 
immobilized enzymes helped to reduce the initial pollutant concentration in a short 
period of time and it led to the reduction in the toxicity of the system. The exposure 
of microbes to the pollutant helps them adapt the environment and induce the 
corresponding enzymes for degrading methyl-parathion. Ching (1997) reported the 
isolated microorganisms from spent oyster mushroom that showed tolerance to 
pesticides was identified to be Cellulomonas and Trichoderma. The bacterium 
Cellulomonas is commonly found in soil as well as in cellulose substrates and 
secretes cellulase with potential industrial application. The fungus Trichoderma is 
also a cellulase producer in industry. Biodegradation is the major mechanism for 
the removal of methyl-parathion as it contributed to 95% to its total removal. 
The removal of methyl-parathion (Figure 3.16 (a)) was through a two stage process: 
degradation by immobilized enzymes already in existence and degradation by 
enzymes induced. However, the elimination of PCP (Figure 3.5 (a)) was mainly 
due to 1 step action by immobilized enzymes. Mateen et al. (1994) found an 
increase in the bacterial population proportional to the increased concentrations of 
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methyl-parathion applied. This observation suggests that the microbial growth was 
stimulated and perhaps parathion was used as a carbon source. A Pseudomonas sp. 
and a Flavobacterium sp. were reported to degrade this pesticide (Mateen et al； 
1994). 
4.7.1.2. In soil system 
Figure 3.16 (b) shows that methyl-parathion achieved its maximum rate of 
degradation by 62.12 土 2.00% in day 2. The SMC harbours a range of 
microorganisms as well as enzymes to degrade organic xenobiotics (Ball & Jack， 
1995; Semple & Fermor，1997; Chiu et al； 1998; Kuo & Regan, 1998; Semple et al, 
1998). The explanation of the removal of it was similar to that presented in section 
4.4.1.2. 
4.7.2. Effect of initial methyl-parathion concentrations and amount of SMC 
4.7.2.1. In aquatic system 
Removal efficiencies 
Figure 3.17 (a) shows that complete removal was obtained at different concentrations 
ranging from 10-100 mg/1. Thus SMC can effectively eliminate it over a wild range 
of initial pollutant concentrations and biodegradation which accounts for 
72.76-89.36% disappearance (Figure 3.17 (c)) at all concentrations was the major 
mechanism in the removal. SMC performed better towards methyl-parathion than 
that of PCP. However, the maximum removal of PCP obtained was only up to 
89.9% at 2 mg/1 (Figure 3.6 (a)). Complete disappearance of PCP was not 
observed (Figure 3.6 (a)) when the treatment conditions were under room 
temperature whereas complete degradation was obtained only when the incubation 
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temperature was increased to 75°C. 
Removal capacities 
Figure 3.18 (a) shows the maximum RC of methyl-parathion yielded at 32.6 土 0.0 
mg/ g SMC. At this condition, the removal capacities by biosorption and 
biodegradation of it were 16% and 84% respectively. The maximum RC of 
methyl-parathion obtained was 2 fold greater than that of PCP (15.5 ± 1.0 mg/ g 
SMC). Among the maximum RC of PCP, the removal capacity by biosorption and 
biodegradation of it was 43% and 57% respectively. The major mechanism 
involved in the removal of methyl-parathion was biodegradation (84%). However, 
biodegradation (56.77 士 2.42o/o) and biosorption (43.23 土 1.78o/o) contribute similarly 
in PCP removal. The lower contribution by biodegradation towards PCP was due 
to the chlorine bond that makes it resistant to biological degradation (Buyuksonmez 
et al., 1999). The recalcitrance of PCP can be attributed to its chemical structure. 
Owing to the presence of ortho-chlorine atoms relative to the hydroxyl functional 
group, the formation of catechol analogues is prevented. The structure of catechol 
is shown in Figure 4.6. Thus, the principal route of oxidative aromatic ring 
cleavage is blocked and as a result biodegradation inhibited (Semple et aL, 2001). 
In addition, the persistence of organic pollutants in soil might be related to 
hydrophobicity. Pollutants generally dissipate from soils in a biphasic manner, i.e. a 
preliminary short period of rapid loss is followed by a subsequent longer period of 
slower loss (Jones et a!., 1996). 
4.7.2.2. In soil system 
Removal efficiencies 
Figure 3.19 (a) shows that removal by biodegradation was promoted with further 
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increase of SMC to 0.75 g at higher initial concentration (100-2000 mg/kg). This 
was probably owing to more microbes as well as immobilized enzymes which can be 
encountered in the bioremediation process if more SMC was applied. 
Removal capacity 
Figure 3.19 (b) shows that the maximum RC of methyl-parathion (17.9 土 2.0 mg /g 
SMC) was 2.2 fold lower than that of PCP (39.0 士 7.0 mg/ g SMC) in soil system. 
Interestingly, other RCs of methyl-parathion (Figure3.19 (b)) in soil system obtained 
were slightly higher than that of PCP (Figure 3.9 (b)). It can be concluded that 
SMC is more effective in removing lower concentrations of (20-200 mg/kg soil) 
methyl-parathion when compared to PCP in soil system. The poorer performance 
of PCP was due to the recalcitrance of PCP as mentioned in 4.7.2.1. Nevertheless, 
SMC performs poorer towards higher concentrations of methyl-parathion (2000 mg 
kg-i soil) than that of PCP. This may be due to the suggestion that 
organophosphate has higher water-solubility (4-5 fold higher) which increases the 
availability and provides better contact for degradation when compared to 
organochlorines (Buyiiksonmez et al, 1999). Under the experimental conditions 
obtaining the maximum RC result (17.9 士 2.0 mg/ g SMC), only a small percentage 
(5.87 土 0.23O/O) of methyl-parathion (give a data on RC (sorption) by SMC. I.e. on 
mg/g SMC unit) was sorbed by the autoclaved SMC and thus the removal by 
sorption of SMC can be ignored when compared with the degradation by 
immobilized enzymes on SMC. 
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4.7.3. Effect of incubation temperature 
4.7.3.1. In aquatic system 
Figure 3.20 (a) shows that complete removal of methy-parathion was observed at 
25°C and complete degradation of it was obtained at 37°C onwards. In contrast to 
the results of PCP in section 4.4.4.1，it is suggested that fungal laccase itself can 
achieve complete degradation of methyl-parathion in aquatic system at lower 
temperature ranging from 4-50�C. Amitai (1998) reported that purified phenol 
oxidase (laccase) from the white rot fungus Pleurotus displayed complete 
and rapid oxidative degradation of organophosphate insecticides. 
Functional group of catechol 
Ortho-position ^ ^ ^ 
r \ P H ^ 
c ' T V — — cyO^, 
Prevent formation 
CI of catechol 
Pentachlorophenol � ' 
3,5-dichlorocatechol 
/ prevent ring cleavage 
/ of catechol 
C k .COOH 
丫 COOH 
CI 
cis, cis-2,4-Dichloromuconlc acid 
Figure 4.6 The structure of catechol and the prevention of formation of catechol in 
the presence of ortho chlorine atom (modified from Semple et a/.，2001). 
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However, the complete removal of PCP by SMC required the participation of another 
enzyme, manganese peroxidase as increasing the temperature above 50�C (at which 
laccase activity drops), the removal efficiency still increased (Figure 3.11 (a)). 
4.7.3.2. In soil system 
Figure 3.20 (b) shows that the rate of removal of methyl-parathion is directly related 
to temperature in the soil system. Semple et al (1998) found that incubation with 
SMC at 50°C achieved better mineralization of BTEX than that at 37°C, which in 
turn，was more effective than incubations at 18°C. It was due to the increase of 
thermophilic actinomycete populations during the course of mushroom compost 
production. The species include Thermomonospora, Thermoactinomyces, 
Saccharmonospora and Streptomyces. The optimal temperatures for growth and 
activity of these thermophilic microorganisms are between 45-55°C and with little or 
no activity below 25°C. Similar to the findings of Semple et al. (1998)，results 
obtained in my project show that the removal of organic methyl-parathion was 
directly proportional to temperatures ranging from 4-50°C. Thus the efficiency of 
elimination of it might be related to the catabolic activity of microorganisms in SMC. 
In addition, the extracellular enzymes namely laccase and maganese peroxidase also 
are involved in the breakdown process of organic compounds as mentioned in 
sections 4.4.4.1 and 4.4.4.2. 
4.7.4. Potential breakdown intermediates and products 
4.7.4.1. In aquatic system 
Figure 3.21 (a) & (b) shows that the intermediates formed in SMC supernatant were 
butylated hydrotoluene and 4-ethoxyl-benzoic acid，ethyl ester. Although butylated 
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hydrotoluene contributes to toxicity in the system, it will further be metabolized after 
16 hours. The products generated are diethyl-phthalate and a long chain alkane 
hexadecane which has 16 carbon atoms. It is found that the removal of 
methyl-parathion by SMC was initiated by side chain removal. It includes the 
removal of the nitro group and the cleavage at the P-S bond. According to Amitai 
and his co-worker (1998), enzymatic oxidative breakdown of the P-S bond in 
organophosphorus insecticides rather than hydrolysis led to more efficient 
detoxification. In addition to side chain removal, other mechanisms such as 
methylation, hydroxylation, carboxylation and esterification were also involved. 
The formation of hexadecane proved that the aromatic intermediates underwent ring 
cleavage to form the long chain and linear alkane. 
Based on the results in section 3.6.4.1, % of NO3" : % of PO?. ： % of S04^ " 
gemeration was 1: 2: 5. According to Amitai (1998)，sulftjr (S) atom is oxidized 
followed by cleavage of the P-S bond by flmgal laccase. Thus there would be a 
higher % of SCU�' formation. Follow P-S bond cleavage, P-0 bond and C-N bond 
will be cleaved at later time. 
4.7.4.2. In soil system 
Figure 3.24 shows the breakdown products of methyl-parathion identified in soil 
system. The formation of long chain and linear alkene (7 methyl-1-undecene with 
12 carbon atoms) and alkanoic acid (hexadecanoic acid with 17 carbon atoms) 
proved the occurrence of ring cleavage of the aromatic parental compound. Its 
aromatic breakdown product namely butylated toluene was involved. Ring 
cleavage is the ultimate goal for the breakdown of aromatic organic compounds. 
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In conclusion, methyl-parathion degradation pathway by spent P. pulmonarius 
compost is proposed in Figure 4.7. The breakdown of methyl-parathion is first 
initiated by the cleavage at P=S bond with the formation of sulphate followed with 
the cleavage at P-0 bond with the formation of phosphate. According to Marten et 
al. (1994), methyl-parathion was also mineralized to form sulphate and phosphate by 
bacteria (Figure 1.11). Nitro group was then removed as none of the breakdown 
products containing N was identified by GC/MS. It is found that p-nitrophenol 
which was the famous breakdown metabolite that imparts odor problem in water 
resources by bacterial system was not detected with the employment of SMC 
(Mateen et al., 1994). The nitro group was removed and oxidized to form nitrate 
and the formation of nitrate was confirmed by ion chromatography. The priority of 
bonds cleavage was deduced from the ratio of nitrate: phosphate: sulphate generation 
per unit mole of parental compound. Since the formation of sulphate is greater than 
that of phosphate and nitrate, thus the cleavage at P=S bond might be the first step in 
side-chain removal. Phenol, which is the intermediate in this breakdown process, 
was metabolized in two pathways. For the first pathway, phenol would further be 
metabolized to form 4-ethoxy-benzoic acids and its derivatives via carboxylation and 
esterification. Such ethoxy-benzoic acids and its deriviatives (ester) will further 
be carboxylated to form diethyl phthalate which underwent ring cleavage to form 
linear fatty acids (e.g. hexadecanoic acid) and alkane (e.g. hexadecane). For 
another pathway, phenol would be methylated to form butylated hydrotoluene and 
butylated toluene. Methylation is a characteristic metabolism in fUngal system 
(Okeke et al” 1994). These methylated aromatic compounds would be cleaved to 
form the aliphatic unsaturated alkene (7-methyl-1 -undecene) and the unsaturated 
C=C bond proved the direct ring cleavage from the aromatic intermediates. 
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Figure 4.7 A proposed breakdown pathway of methyl-parathion by spent P. 
pulmonarius compost. 
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This unsaturated alkene was then reduced to form the saturated alkane (e.g. 
hexadecane). Methyl-parthion would be degraded to the final products alkane 
through both pathways as mentioned above. 
Apart from the use of enzymes in bioremediation, photocatalytic degradation is also 
under concern in wastewater treatment. Konstantinou et al. (2001) reported the 
photocatalytic degradation of organophosphorus insecticides. They reported that 
oxidant attack of the OH* on the P=S bond occurred first. The continuous attack of 
OH* followed by the rupture of P-0 bond resulted in the formation of the 
corresponding phenol and alkyl-phosphates. The early step is progressed through 
competitive reactions such as oxidation of the side alkyl chains and oxidation of 
sulphur atom by OH* or superoxide attack. It is found that the mechanism of 
methyl-parathion degradation by fungal enzymes in SMC was similar to that by 
photocatalytic degradation. Methyl-parathion degradation was initiated by 
oxidation of the sulphur atom, followed by cleavage at P=S bond and then at P-O 
bond in both systems. 
4.8. Microtox® Assay 
4.8.1. In aquatic system 
The ICso of methyl-parathion (0.67%) was similar to that of PCP (0.05%) and this 
shows their toxicity in aquatic system to the bacterium Vibrio fisheri were more or 
less the same. Although the overall toxicities of the reaction mixture decreased 
more than 35 fold in both SMC supernatant and biomass (Figure 3.25 (a)), complete 
detoxification compared to their controls was not observed. The aromatic 
breakdown products such as 4-ethoxy-benzoic acids and its derivatives and the 
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butylated hydrotoluene were thought to be contributing to the toxicity in the system 
after SMC treatment. Table 4.3 shows the LD50 of methyl-parathion and its 
breakdown products in aquatic system from Material Safety Data Sheet (MSDS). 
4.8.2. In soil system 
Figure 3.25 (b) shows that the IC50 of methyl-parathion in soil (7%) was 10 fold 
higher than in water (0.67%) in Figure 3.25 (a). This result is comparable to the 
high acute toxicity of methyl-parathion to its aquatic life. The higher toxicity of it 
in aquatic system than in soil system is due to its high solubility in water. 
According to the Tukey test, the IC50 of the sample after treatment was ranked as the 
same rank of the control. As a result, complete detoxification of methyl-parathion 
in soil system was observed. The same sample was under the analysis by GC/MS 
to identify the breakdown products. It is found that the parental compound was 
completely eliminated and the breakdown products are long chain and linear alkanes 
such as tridecane and heptadecane as well as some organic acids such as 
tetradecanoic acid and octadecanoic acid. The presence of these non-harmful linear 
organic compounds accounts for the complete detoxification in the treatment. Table 
4.3 shows the L D 5 0 of methyl-parathion and its breakdown products in soil system. 
4.9. Removal of methyl-parathion by the aqueous extract of SMC 
Figure 4.5 (a) & (c) shows that the aqueous extract of SMC can act as a source of 
crude enzymes for degrading methyl-parathion in both aquatic and soil system. The 
differences in the removal of methyl-parathion by crude enzymes prepared from 
SMC and the immobilized enzymes on SMC were similar to that of PCP as 
mentioned in section 4.6. 
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Table 4.3 The oral rat LDsoand intravenous mouse LD50 of methyl-parathion and its 
breakdown products. All data are obtained from the Material Safety Data Sheet 
(MSDS) at Vermont SIRI MSDS Archive - Site One (see website: 
http://siri.uvm.edu/msds/). 
LD50 of Oral Rat L D 5 0 of Intravenous 
(mg/kg) Mouse (mg/kg) 
Parental compound 
Methyl-parathion 6 9.8 
Breakdown intermediates/ products of ‘ 
methyl-parathion in aquatic system 
(at 25°C and 75"C)  
Butylated hydrotoluene '^^  890 180 
4-ethoxy-benzoic acids，ethyl este产b 2100 _ 
Diethyl phthlate^ 8600 -
Tridecane'' . 1151 
Pentadecane'' _ 3434 
Hexadecane^ _ 9821 
Tetradecane'' _ 5800 
Decane^ _ 912 
Undecanoic acid'' . 140 
Tetradecanoic acids^ 10000 _ 
Breakdown intermediates /products of 
Methyl-parathion in soil system 
(at 25°C and 75°C)  
Butylated toluene . _ 
Tridecane^ . j j ^ j 
Heptadecaneb _ 9821 
7-methyl-1 -imdecene^ _ _ 
Hexadecanoic acid幼 10000 _ 
Octadecanoic acid^ 4549 _ 
a The breakdown intermediates/products generated at 25°C. 
b The breakdown intermediates/products generated at 75°C. 
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However, there was a significant drop in removal of it when using crude enzyme 
extract at 25°C. This may be owing to the enzymes which are responsible for 
degrading methyl-parathion were left on the SMC but were not extracted in the 
aqueous extract. 
4.10. The ability of different types of SMC in the removal of 
organic pollutants 
Semple and Fermor (1995，1997)，Chiu et al (1998) & Trejo-Hemandez et al. (2001) 
reported that Lentinula edodes sawdust SMC, Pleurotus pulmonaris straw SMC & 
Agaricus bisporus straw SMC were used in the removal of PCP and other phenolic 
compounds. Different SMC consisted of different components and thus their 
abilities towards the removal of the same organic compound are different. 
According to Table 1.9，different fungi secrete different enzymes extracellularly and 
this may affect the performance of different types of SMC. In my research, three 
different types of SMCs were used. They were L edodes sawdust SMC, P. 
pulmonarius straw SMC and P. pulmonarius paper SMC. Figure 4.8 (a) shows L 
edodes sawdust SMC achieves the greatest elimination of PCP. However, about 
50% of the removal was contributed by biosorption. Although P. pulmonaris straw 
SMC removes 10% PCP less than that of sawdust SMC, the major mechanism in 
removing PCP by P. pulmonaris straw SMC is biodegradation. 
Figure 4.8 (b) shows that the total removal of methyl-parathion by three different 
SMC was more or less the same. However, the use of P. pulmonaris straw SMC 
resulted in the greatest removal by biodegradatoin. 
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Figure 4.8 The removal efficiency of (a) pentachlorophenol and (b) methyl-parathion 
by three types of SMC. Experimental conditions: 100 mg/1 of pesticides were 
incubated with 0.1 g SMC at room temperature for 2 days in water system. Each 
data point is represented by the mean 士 standard deviation of 5 replicates. 
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According to Camarero et al (1996), P. pulmonarius is a strongly ligninolytic fungus, 
as revealed by the greater wheat lignin mineralization by this organism than by other 
Pleurotus species or the most studied white rot fungus P. chrysosporium. Although 
both biosorption and biodegradatoin are important in bioremediation, biodegradation 
is thought to be the ultimate goal of treating organic pollutants. 
4.11. The storage of SMC 
Since the immobilized enzymes in SMC are responsible for degrading organic 
pollutants, the activity and stablity of them in SMC will be under great concern. 
Thus the storage of SMC would be an essential matter. Figure 4.9 (a) & (b) shows 
the effect of storage time in the removal of pesticides. Figure 4.9 (a) shows freshly 
prepared SMC achieved higher removal (10% more) of methyl-parathion than that of 
3-year-stored SMC under room temperature. Also, complete removal was obtained 
by the fresh SMC and the increase in removal was due to the enhancement of 
biodegradation. Figure 4.9 (b) demonstrates that fresh SMC removed 30% PCP 
more than that by stored SMC and the increase in removal was promoted by 
biodegradation. Freshly prepared SMC performed better towards pesticides and the 
improvement was absolutely due to the mechanism of biodegradation. It can be 
concluded that some enzymes are denatured or their activities dropped during storage 
and thus the stored SMC are less effective in treating pesticides. Tsang (personal 
communication) verifies that storage could lead to drop in activities of laccase and 
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Figure 4.9 The removal of (a) methyl-parathion and (b) pentachlorophenol by the old 
straw SMC that stored for 3 years and the freshly prepared straw SMC. 
Experimental conditions: 100 mg/1 pesticides were incubated with 0.1 g SMC at 
room temperature for 2 days. Each data point is presented by the mean 土 standard 
deviation of 5 replicates. 
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4.12. The effect of scale in the removal of pesticides 
In my project, 50 ml centrifuge tubes and 2 g soil were used as the routine setuD. 
Such a small scale is convenient and save space and resources when doing the 
experiments. Figure 4.10 (a) and (b) shows the removal efficiencies of 
methyl-parathion and PCP respectively using different scales. In order to examine 
whether the scale of the set up would affect the experimental results, 250 ml conical 
flasks with 20 g soil were used for a larger scale. The results showed that there 
are no significant differences in the removal of both pesticides, with different % of 
SMC under different scales. 
4.13. Cost-effectiveness of using SMC as crude enzymes sources 
Table 4.4 shows the prices of fungal enzymes that are commercially available. The 
high prices of them were due to the isolation and purification processes from fimgi 
and it will add cost in bioremediation. Apart from the purified enzymes, 
Trejo-Hemandez et al (2001) reported that the residual compost may become a 
potential source of ligninolytic enzymes like phenol oxidase (laccase, tyrosinase and 
peroxidase). With the use of cheap SMC, the immobilized enzymes on it 
ftmctioned as well as the expensive purified enzymes. Ullah et al (2000) reported 
that laccase purified from Coriolus versicolor can remove PCP completely over 72 
hours. Whereas, 100% removal of PCP was also obtained in my study with the use 
of SMC over 48 hours at 75°C. Since the cost of SMC is much cheaper than that of 
the purified enzymes, the employment of SMC in in situ bioremediation could 
greatly reduce the cost. 
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Figure 4.10 The removal efficiency by biodegradation in the rountine setup and the 
scale-up setup of (a) methyl-parathion and (b) pentachlorophenol in soil system. 
Experimental conditions: All data points were incubated at room temperature for 2 
days and the initial concentration was 100 mg/kg. Each data point is represented by 
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4.14. The effect of surfactant on the removal of PCP 
One of the problems associated with the biodegradation of hydrophobic compounds, 
which include PCP, is that they bind to soil particles and have limited solubility in 
water, resulting in limited availability to microbial and enzymes action, which in turn 
can hinder the degradation process (Crawford & Crawford，1996). In my study, the 
complete removal of PCP in soil system was not obtained at room temperature and 
the maximum removal attained was only about 80% (Figure 3.9 (a)). Since PCP 
has low water solubility and high soil sorption coefficient (Table 1.3), its sorption to 
soil leads to the decrease of bioavaibility for bioremediation. The organic pollutant 
was sorbed onto inorganic soil constituents (Ball and Roberts, 1991) and onto soil 
organic matter (SOM) (Brusseau et al” 1991). Pollutants entrapment occurring 
from diffusion of compounds into macro and micro pores of soil and within soil 
organic matter (Ball and Roberts, 1991). Since desorption and diffusion of bound 
contaminants to the aqueous phase is required for microbial and enzymatic 
degradation, the use of surfactant has been suggested to enhance the desorption of 
nonpoloar organic pollutant from soil to the aqueous medium. Both synthetic and 
biosurfactants have, in many studies, been added to contaminated sites or in bench 
scale test as a means to accelerate biodegradation (Volkering et al” 1998). Eggen 
(1999) reported the surfactant fish oil was found to enhance degradation of PAH. In 
order to increase the bioavailability of PCP in soil system, a nonionic surfactant 
Tween 80 (1%) was added to the system. However, Figure 4.11 shows that there 
was no significant difference in the removal of PCP with or without surfactant added. 
This experiment would not be carried out in methyl-parathion as it was completely 
removed at lower concentrations (25-50 mg/kg) in soil system. 
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Table 4.4 The prices of fungal enzymes commercially available (Duran & Esposito， 
2000) 
Brand name Enzymes P也es (US$ for 
� 10,000units) 
TienZyme™ Mn-peroxidase 
(www.TIENZYME.com) {Phanaerochaete. chrysosporium) 7，500 
Lignin peroxidase 
{Phanaerochaete. chrysosporium) ‘ 
Laccase 
{Pleurotus ostreatus) ^^ 
Chloroperoxidase 
{Caldariomyces fumago) 
Sigma-Aldrich ^ … 
(www.sigma-aldrich.com) Laccase {Rhus vermifera) 62.5 
Peroxidase (Horseadish) 240 
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Figure 4.11 The effect of nonionic surfactant on the removal of PCP in soil system. 
Experimental conditions: All data points are incubated at room temperature for 2 
days with initial concentration of 100 mg/kg in the present of 0.1 g SMC and shaken 
at 250 rpm in darkness. 1% of nonionic synthetic sufactant Tween 80 was used. 
Each data point is represented by the mean 土 standard deviation of 5 replicates. No 
significant difference is detected by student t test. 
184 
4.15. Prospects for Employing SMC in Removal of Pollutants 
According to Eggen (1999)，he found that post-mushroom products (SMC) tended to 
be more effective than the pre-mushroom product (conlonized fungal substrate 
generated before mushroom production) in removing organopollutants such as PAHs. 
These results showed SMC which was regarded as waste has potential in 
participating in bioremediation. Although several bacteria and fungi, which can 
mineralize different organopollutants, have been reported in many studies (van 
Agteren et al” 1998)，the survival of inoculated pure cultures in contaminated soil is 
usually poor. This may limit their use in effective bioremediation (Semple & 
Fermor, 1995). In order to accelerate the bioremediation of pesticide-contaminated 
soil, mushroom compost which contains a diverse population of microorganisms 
working in concert is required as the compost provides a nutrient source and 
supporting material for them (Laine & Lorgensen，1996). Thus, the employment of 
SMC in bioremediation is more practical than applying isolated pure bacteria or 
fimgi cultures. In addition, one of the main drawbacks using free enzymes to 
detoxify waste stream is their instability towards thermal and pH denaturation, 
proteolysis and inactivation by inhibitors (D'Annibale et al.’ 2000). Immobilization 
of enzymes to solid supports often improves stability and allows their reuse. Since 
SMC can offer the solid support to the immobilized enzymes, thus SMC has 
potential to be used in field conditions. Development of the bioremediation potential 
of SMC, coupled with its well documented environmental benefits such as provision 
of plant nutrients, improvement of soil fertility as well as neutralization of soil 
acidity should serve to enhance the value of SMC as an additional source of income 
to the mushroom grower (Levanon & Danai, 1997). -
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5. Conclusions 
Regardless of the mushroom species and major type of substrates, spent mushroom 
compost (SMC) contains 25% organic matter, high contents of macro-nutrients such 
as nitrate, phosphate, potassium (NPK), calcium, sodium as well as trace to nil 
amounts of heavy metals. These properties support it to be used as a fertilizer. 
When SMC of Pleurotus pulmonarius was put into water at 1%, the leached ions 
contents (nitrate and sulphate) were below the acceptable levels specified by the 
USEPA for field application. This flavours SMC as a bioremediating agent. 
Further, SMC has a pH buffering capacity, converting the initial pH from 1.03-12.00 
to a final equilibrium pH at 6.8 as SMC contains lime which was added in the 
substrate preparation for growing the mushroom. 
The adsorption of PCP on SMC can be characterized by Freundlich isotherm plot. 
Increase in SMC leads to a decrease in Freundlich constant K where the intensity 
constant n remains unchanged. It implies that SMC concentration only influences 
the adsorption capacity but not the adsorption mechanism. The potential adsorption 
sites include the microbial biomass and flmgi hyphae. Chitin originating from 
mushroom hyphae is a potential sorbent. The freshly prepared SMC consisted of 
25% chitin is responsible for the adsorption of pesticides. 
The SMC provides an integrated system of biosorption and biodegradation to treat or 
remove pesticides. The SMC offers a nutrient source and an attachment substratum 
for the microbes that degrade pesticides. In addition, it offers a solid support to the 
immobilized enzymes. •‘ 
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The SMC could remove 89.0 土 0.4 % PCP and 85.5 土 Ijo/o PCP within 2 days at 
room temperature in aquatic and soil system respectively. SMC could completey 
degrade PCP in both systems when the incubation temperature was raised to 75°C. 
The workable range of PCP concentrations for SMC varied from 2 to lOOmg/1 and 
20-2000 mg/kg soil in aquatic and soil system respectively. Maximum removal 
capacity was obtained when the smallest SMC amount (0.025g) was used. The 
maximum RCs of PCP were 15.5 士 1.0 mg/g SMC and 39.0 土 7.0 mg/ gSMC in 
aquatic and soil systems respectively. The SMC could completely remove 
methyl-parathion within 1 day and could completely degrade it within 3 days at room 
temperature in aquatic system. SMC could also completely degrade it within 2 days 
in soil system at room temperature. The workable range of methyl-parathion 
concentrations for SMC varied from 10 to 100 mg/1 and 20-2000 mg/g soil in aquatic 
and soil system respectively. The maximum RCs of methyl-parathion were 32.6 士 
0.0 mg /g SMC and 17.9 士 2.0 mg /g SMC in aquatic and soil system respectively. 
SMC could degrade pesticides with a wide range of temperature from 4 to 75�C with 
different efficiencies. 
PCP degradation by SMC was initiated via dechlorination followed by methylation 
and carboxylation. The breakdown intemediates are butylated hydrotoluene, 
butylated toluene, diethyl-phthalate, 4-ethoxybenzoic acids and its derivatives as well 
as some aliphatic carboxylic acids/ fatty acids and alkanes. The linear breakdown 
products proved that ring cleavage was involved in the breakdown process. 
Degradation of methyl-parathion by SMC was initiated by the oxidation ofP=S bond 
followed with the removal of the side chain and substitute group to form sulphate, 
phosphate and nitrate. Methylation, carboxylation and ring cleavage are also 
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involved. Breakdown intemediates and products include butylated hydrotoluene, 
butylated toluene, diethyl-phthalate, 4-ethoxybenzoic acids and its derivatives as well 
as some aliphatic carboxylic acids/ fatty acids and alkanes. Microtox ® assay 
shows the overall toxicity of both aquatic and soil systems before and after the 
artificial contamination by pesticides. Toxicity decreased after the treatment with 
SMC. Imcomplete detoxification was observed in the treatment of PCP in both 
systems. The toxicity might be contributed by the presence of some breakdown 
intermediates and products. However, complete detoxification of methyl-parathion 
was observed in both systems. 
Soil matrix does affect the removal of pesticides. The removal of pesticides is 
higher in sandy soil than that in peaty soil. The additional degradation of pesticides 
by microbial action in unsterilized soil was undetectable after 2-day incubation. 
Straw P. pulmonarius SMC shows its higher ability to remove pesticides by 
biodegradation among three different types of SMC that tested in the study. It is 
important as biodegradation is the ultimate goal for the removal of organopollutants. 
Freshly prepared SMC performed better towards the removal of pesticides than the 
3-year stored SMC. It shows that prolonged storage leads to drop in activities of 
the immobilized enzymes of straw SMC of Pleurotus plumonarius. 
In general, the SMC shows assuring results in the removal of pentachloroephnol and 
methyl-parathion with the limited tests. From these results in the laboratory scale, 
SMC has potential in applying to real contaminated sites. Besides degradation by 
immobilized enzymes and induced enzymes by the microbial flora in SMC, it has 
comparable removal capacites as commercial known sorbents. This shows its 
potential in bioremediation by adsorption especially with its low cost and huge 
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amount of availability. Application of SMC in bioremediation will become a low 
cost alternative to landfill or agricultural use of SMC. 
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6. Future Investigation 
Although SMC shows promising results in the removal of pesticides in laboratory 
scale, further investigations are needed for the application of SMC to the realistic 
conditions. In order to study the feasibility of SMC in real application, factors that 
limiting the efficiency of in situ and ex situ bioremediation needed to be carried out 
in future. 
1) Effect of others xenobiotics 
In real situation, not only one pure pollutant was found in environment. The 
presence of other xenobiotics in the contaminated environment may inhibit the 
removal of the target pesticides. Besidies, the combination of these 
organopollutants may cause a synergism effect in toxicity. Also the beakdown 
pathways by SMC in the presence of other chemicals may be different from that of 
pure compound. In my study, only the pure compound was spiked into the aquatic 
system and soil system and thus the effect of additional contaminants needed to be 
examined. For instance, dibenzo-p-dioxins and debenzoftirans also originated from 
the wood preservative other than PCP (Laine et al” 1997). 
3) Effect of "genuinely polluted soils" and “spiked soils，， 
According to literature, an organic chemical to remain in contact with soil increases 
over time, but the ability of that chemical to be degraded by microorganisms 
decreases. This decrease in compound availability with time has been termed 
"ageing" (Hatzinger and Alexander, 1995). Thus, the effect of different spiking 
periods should be studied. 
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In my study, owing to the limiting time, space and resources, only the mini setup was 
used to study the removal of pesticides. However, the study of the scaling up effect 
is important as only the large-scale setup can truly reflect or imitate the real sitution 
as in field. This allows us to study the feasibility of SMC in in situ treatment. 
In addition, the quality control of SMC will be an essential matter for its 
development in environmental clean-up technology. The amounts of enzymes that 
found per unit of SMC help predicting the removal efficiency of different pollutants. 
Thus more studies should be carried out to examine the stabilities and activities of 
these immobilized enzymes that found on SMC. Further findings needed to support 
SMC to be used as a cost-efficient, safe and environmentally sound bioremediating 
agent which has the potential to develop into the marketable products. 
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